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1.0 Executive Summary
Acid mine d r a i n a g e d e g r a d e s the water q u a l i t y in F r e n c h Creek and the BlueRiver near the town of Breckenridge, C o l o r a d o . F r e n c h Creek or ig ina t e s at theC o n t i n e n t a l D i v i d e in S u m m i t County and f l o w s west for a p p r o x i m a t e l y s ix mi l e st h r o u g h the g l a c i a t e d h i g h mountain F r e n c h G u l c h v a l l e y to i t s c o n f l u e n c e withthe Blue River. Extensive p la c e r and underground l o d e m i n i n g occurred in theF r e n c h G u l c h v a l l e y f r o m t h e late 1 8 5 0 ' s t o t h e 1 9 6 0 ' s . Lead-z inc- s i lver s u l f i d eand g o l d l o d e m i n i n g was concentrated on the fairly s t e ep v a l l e y sides. Ored e p o s i t s were extracted t h r o u g h an extensive network of t u n n e l s and ad i t s thatf o l l o w e d mineralized veins associated with contact metamorphosed Jura s s i c -and Cretaceous-age s ed iment s and T e r t i a r y - a g e quartz monzonite p o r p h y r ybodie s ( L e v e r i n g , 1934). Large f l o a t i n g d r e d g e boats were used to p l a c e r minethe v a l l e y f l o o r f or g o l d f r o m g l a c i a l outwash and stream gravel d e p o s i t s . Thehis toric p l a c e r d r e d g i n g c o m p l e t e l y d i s r u p t e d French Creek and i t s associateda l l u v i a l v a l l e y material . T h e d r e d g i n g commonly involved t h e d i s r u p t i o n o f a l l u v i a lmaterial to the top of the bedrock, over fi f ty f e e t in d e p t h . T h i s re sul ted in larged r e d g e t a i l i n g p i l e s covering most o f the v a l l e y f l o o r . The d i s r u p t i o n o f F r e n c hCreek also caused the stream to have a s i g n i f i c a n t s u b sur fa c e f l o w componentand an unnatural channel. The present day stream channel can be observed tol o c a l l y d i s a p p e a r into th e d r e d g e p i l e s , have m u l t i p l e divers ions f r o m i t s o r i g i n a lcourse, and contain s i g n i f i c a n t g a i n i n g and l o s i n g reaches. M a p p i n g of a l l u v i a lground-water l ev e l s in the vic ini ty of the mine site has shown that the a l l u v i a lground-water is not d i s c h a r g i n g in the stream, but t ends to f l o w p a r a l l e l to thestream in the a p p r o x i m a t e locat ion of the o r i g i n a l stream channel pr ior tod r e d g i n g .
The interact ion of sur face and ground waters in the F r e n c h G u l c h v a l l e y withs u l f i d e - b e a r i n g rocks, mine workings and sur face mine debri s produce acids o l u t i o n s charged with heavy metals that are toxic to organisms. Poor waterq u a l i t y and habi tat are r e spon s i b l e for the lack of trout p o p u l a t i o n s in F r e n c hCreek. Poor water q u a l i t y is also a major f a c t o r c o n t r i b u t i n g to l i m i t troutp o p u l a t i o n s in the Blue River below the c o n f l u e n c e with F r e n c h Creek.
T h e r e are several abandoned mine sites in F r e n c h G u l c h . S u r f a c e and groundwater q u a l i t y s t u d i e s have been conducted by the C o l o r a d o Depar tment of P u b l i cH e a l t h a n d Environment ( C D P H E ) , t h e U . S . Environmental Protect ion Agency(EPA), and the U. S. G e o l o g i c a l Survey N a t i o n a l W a t e r - Q u a l i t y Asses sment(NAWQA) program since 1989. T h e s e s tud i e s have demons trated that most ofthe heavy metal l o a d i n g to French Creek is f r om the inactive W e l l i n g t o n - O r o (W-O) mine and mill c omplex . The W-O was the larges t m i n i n g operat ion in theva l l ey . The underground workings consisted of over twelve mi l e s of t u n n e l s ,a d i t s , dri f t s , s tope s and crosscuts ( L e v e r i n g , 1934) with a s i g n i f i c a n t por t i onbeing below the e levat ion of the ground-water tab l e and F r e n c h Creek ( F i g u r e 1-1). The W-O mill processed ore onsite f r o m 1908 to the 1960's. Prior to the

1American G e o l o g i c a l Servic e s , Inc .
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*•• surface waste c l eanup in the fall of 1998, the mill t a i l i n g s and roaster f i n e s werepresent at the ground surface. Unknown quanti t i e s of mine waste rock remains'** on site and unknown quanti t i e s of d r edg e t a i l i n g s remain in the va l l ey f l o o r .

S u r f a c e and ground water pathways l e a d i n g off the site are p o t e n t i a l heavy metali— avenues to F r e n c h Creek. S u r f a c e water contaminat ion pathways involve directr u n o f f o f leachate f r om surface mine spo i l p i l e s (waste rock, mil l t a i l i n g s , androaster f i n e s ) d u r i n g rainstorm events and s p r i n g snowmelt. Ground-water«•* contaminat ion pathways inc lude d i s charge of mine water from the f l o o d e dunderground mine workings into the a l l u v i u m and fractured bedrock and seepageof leachate f rom surface mine s p o i l p i l e s that e v e n t u a l l y enter French Creek by*•* ground-water d i s charge .
During 1996 and 1997, site and regional characterization s tud i e s were conductedw by the S t a t e o f C o l o r a d o Division o f M i n e r a l s and G e o l o g y (DMG), CDPHE, U.S.G e o l o g i c a l Survey (USGS), EPA, U . S . Bureau o f Reclamation (BOR), andAmerican G e o l o g i c a l Services, Inc . (AGS). The characterization o f contaminant^ h y d r o g e o l o g y involved:
• surface mine waste studies,w • mine pool s tudi e s ,• surface and ground water q u a l i t y s tud i e s ,

w • continuous ground-water and mine pool water level moni tor ing,• i n s t a l l a t i o n of new monitoring we l l s ,• a q u i f e r t e s t ing ,±* • sub sur face f l o w evaluat ions on selected monitoring w e l l s and the mine p o o l ,• s tab l e i s o t ope tracer s tud i e s , and• salt tracer s tudies .
The ob jec t ive s of the characterization were to (1) determine the relativecontribut ions of metal l o a d i n g to French Creek f rom the various sources, (2)^~ i d e n t i f y metal contaminant pathways and f a t e , and (3) e s t a b l i s h pre-remediat ionenvironmental basel ine condit ions.

* S e c t i o n 3 of th i s report reviews the water q u a l i t y s tud i e s in F r e n c h Creek and theBlue River. The metals with the highest concentrations or greatest impac t s towater qua l i ty in French Creek and the Blue River are zinc (Zn), iron (Fe),i~ manganese (Mn), and cadmium (Cd). Cd and Zn are the major contributors tof i s h toxicity. The s e metals commonly exceed S t a t e water q u a l i t y t ab l e s tandardsby orders of magnitude . Ground and W-O mine pool waters in the vic ini ty of thew mine site have metal and s u l f a t e concentrations much h igher than the streamwaters. The ground waters associated with the saturated por t i on of the roasterf i n e s were the most contaminated waters at the W-O site. The water chemistry*" of the a l l u v i a l ground-water and seeps were s i m i l a r to the W-O mine pools u g g e s t i n g that mine water was d i s c h a r g i n g d i r e c t l y into the a l l u v i u m . The
>B̂ 3American Geo log i ca l Services , Inc .
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occurrence of numerous contaminated seeps downgradi en t of the W-O sitei m p l i e s that ground-water f l o w i s a major pathway for metals.
S e c t i o n 6 of thi s report summarizes the mine pool and ground-water levelmonitoring studies. T h i s section also discusses continuous t emperaturemonitoring at various levels in the Oro mine shaf t . Water levels for the mine p o o l ,a l l u v i a l aqu i f e r , and fractured shale bedrock at the W-O site were cont inuous lymonitored with an automated d a t a l o g g i n g system from July 11, 1996 to May 22,1997. The mine pool and al luvial aqu i f er were also continuously monitored fromlate March 1998 to September 2, 1998. USGS discharge gage data on FrenchCreek and c l i m a t i c data f r om nearby weather and snow survey stations wereintegrated with the water level data.
The monitored water l eve l s suggest that the fractured shale bedrock and thea l l u v i a l aqu i f e r at the downgradient western por t ion of the mine site are act ing asone h y d r a u l i c a l l y connected unit that is communicating with the mine pool. Theh y d r a u l i c proper t i e s of the frac tured bedrock and f a u l t s a p p e a r to control the rateof mine i n f l o w and ou t f l ow . The water leve l s indicate that the downgradientwestern portion of the mine pool was f l o w i n g at a re lat ive ly constant rate into thea l l u v i u m and frac tured shal e throughout the monitoring period. The W-O mineaccommodates the s p r ing high f l o w surge through (Figure 1-1):
• Increased di s charge area,• Rising mine pool l eve l s (increased mine water storage), and• Prolonged peak mine pool water level s with extended drainage periods a f t e rthe spr ing surge.
An i n i t i a l rise in the mine pool and ground-water l eve l s observed in late Marchand April of 1997 and 1998 coincided with local site snowmelt. The rise in Mayand J u n e of 1997 and 1998 was driven by the snowmelt associated with the h ighelevation French G u l c h headwater region and the more protected areas abovethe W e l l i n g t o n mine workings. Because the mine workings geometry andassociated water volumes for mine water elevations are unknown, it is difficult toassess the volume contribution of the various recharge sources.
F r e n c h Creek peak di s charge s are due to headwater snowmelt (P. Brooks,1998). The mine pool peak elevations coincide with peak French Creekdischarge f rom late May into J u n e . T h i s suggests that the waters that rechargethe peak mine pool water levels and stream f l o w s have s imilar origins.
The poor correlation between individual peaks on the French Creek h y d r o g r a p hand the relatively smooth mine pool hydrographs indicate that there is a limitedh y d r a u l i c connection between the mine pool and French Creek. Based on thi sl imi t ed h y d r a u l i c connection, it can be concluded that French Creek is not amajor source of i n f l o w to the mine. The broad and smooth character of the mine

4American Geolog i ca l Services, Inc.
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pool h y d r o g r a p h s sugge s t s that regional groundwater is the ma jor source ofi n f l o w to the W-O mine a n d / o r there is s i g n i f i c a n t water storage in theunderground mine workings.
The W-O mine p o o l , ground-water monitoring w e l l s , and French Creekre sponded w i th in a day of major snowmelt events. The nearly immedia t eresponses are p r o b a b l y due the release of ground-water f r o m storage in thef rac tured bedrock. T h i s release is driven by pressure l o a d i n g associated withsnowmelt events. T h i s i m p l i e s that the water that recharges the mine pool andF r e n c h Creek is not snowmelt , but o l d e r ground-water that was released f romstorage d u r i n g snowmelt events.
Individual storm events had no e f f e c t on the ground and mine pool water l ev e l s atthe W-O site and minor e f f e c t s on French Creek di scharge. The minimal e f f e c t sof storm events on F r e n c h Creek d i s charge suggest that i n f i l t r a t i o n ofp r e c i p i t a t i o n is much greater than r u n o f f . The mine pool and ground-water lackof response to storm events i m p l i e s that there are minimal direct f l o w pathwaysfor p r e c i p i t a t i o n to enter the mine pool and the volume of water associated withthe storm events is very small compared to the ground-water system and minepoo l .
A comparison of water l eve l s f r om an uncontaminated 11-10 Fault moni tor ingwell ( M W - 1 4 ) that was comple ted 277 f ee t below ground sur face in the v i c ini ty ofthe W-O site with mine pool water level s showed very s imi lar e levations. The W-O mine workings cut and s loped a long this f a u l t (Lover ing, 1934). T h i s datai m p l i e s that the d e ep er port ion of the 11-10 Fault is a major conduit for ground-water to enter the mine pool . The continuous t emperature monitoring of the Orom i n e s h a f t , which is intersected by the 11-10 Fault, showed the mine pool toincrease in t emperature , e s p e c i a l l y in the vic ini ty of the 11-10 Fault, d u r i n g thes p r i n g f l o w surge. T h e s e t emperature data also s u p p o r t s a regional ground-water recharge source to the mine poo l . The predominant source of thi s ground-water is believed to be f r o m the u p g r a d i e n t headwater region of F r e n c h Creek( F i g u r e 1-2). The pathway to the W-O underground mine workings would beregional ground-water f l o w in the frac ture bedrock. The W-O mine workingsintercept t h i s regional ground-water f l o w and enhance its d i s charge into theF r e n c h G u l c h a l l u v i a l v a l l e y and stream.
Sect ion 5 and 7 of th i s report discusses s table i s o t ope s tudies on the mine,sur fac e , and ground waters in French G u l c h . Oxygen and hydrogen s tablei so tope s tudi e s were p e r f o r m e d in the vicinity of the W-O site in 1996 and 1997(RAS, 1996a, 1996b, and 1997b). S t a b l e i so tope s have been used as naturaltracers because sur face and ground waters can have d i s t i n c t i v e i so topecompo s i t i on s that are a f u n c t i o n of the water m o l e c u l e ' s structure. The i so topes tudie s demonstrated that snow melt waters associated with the local mine sitearea and the h igh elevation French Creek headwaters region were 18O d e p l e t e dcompared to the mine, surface , and ground waters in F r e n c h G u l c h . The

5American G e o l o g i c a l Services, Inc.
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snowmelt oxygen i so topes ranged from -19.4%o to -27.2%o. The oxygen i so tope sfor the mine, stream, and ground water s a m p l e s had a l i m i t e d range of
c ompo s i t i on s f r o m -19.0%o to -17.4%o d u r i n g both low f l o w and h i g h f l o ws a m p l i n g events. T h i s l i m i t e d range has been in t erpre t ed to be due to thedominance of regional bedrock ground-water d i s charge that i n f l u e n c e s the minep o o l , F r e n c h Creek, and the a l l u v i a l aqui f er .
A l t h o u g h all the waters in French G u l c h had s i m i l a r i s o t op i c compos i t ions , therewere two s t a t i s t i c a l l y d i s t inc t g r o u p s ; (1) mine water and (2) FrenchCreek/ground-water . The mine water was s l i g h t l y 18O d e p l e t e d compared toFrench Creek and local ground-water associated with the a l l u v i a l aquifer. Thelack of s h i f t s towards the 1 8O d e p l e t e d snowmelt for the mine water d u r i n g h ighf l o w s a m p l i n g events sugges t s minimal direct snowmelt recharge. The mine pooloxygen i sotope c ompo s i t i on s l i g h t l y s h i f t e d towards the s ignature of local ground-water d u r i n g the h igh f l o w s a m p l i n g events s ugge s t ing that regional ground-waterwas the major source of recharge water to the mine pool . The i so tope s ignatureof water f r o m the 11-10 Fault well MW-14 showed s i g n i f i c a n t s h i f t s incompos i t ions . T h e s e s h i f t s i m p l y that the f a u l t was a major conduit for water thatwas i n f l u e n c e d by snowmelt a n d / o r regional ground-water in the s p r i n g . Thei so tope data also indicated that mine water di scharge was the major source ofmetal contaminat ion in ground-water monitoring we l l s between the 11-10 andB u l l h i d e F a u l t s . The i s o t ope signature o f a contaminated a l l u v i a l moni tor ing welland seeps downgradient f rom the B u l l h i d e Fault and the W-O site sugges ted thatthey were also i n f l u e n c e d by mine water.
S e c t i o n 4 of thi s report summarizes the salt tracer s tudies . In July of 1996, theU S G S Toxi c Subs tance s H y d r o l o g y Program conducted stream t r a c e r - d i l u t i o n ,a l l u v i a l ground-water tracer, mine pool tracer and synop t i c s a m p l i n g s tud i e s inthe v i c in i ty of the W-O site (Kimball et. al., 1997). T h e s e characterization s tud i e sevaluated the h y d r o l o g i c f l o w pathways and stream h y d r o l o g i c p r o p e r t i e s usingthree d i f f e r e n t salt tracer i n j e c t i o n s and a synop t i c s a m p l i n g of the stream.
A l i t h i u m ch l o r id e tracer was in j e c t ed at the top of the mine pool in the Oro s h a f t .The top of the mine pool had elevated levels of tracer for months a f t e r in j e c t i on .The tracer was not detected at any downgradient monitoring sites. The lack oftracer d i l u t i o n and downgradient tracer de tec t ion indi ca t ed that there was minimalh y d r o l o g i c connection between the u p p e r l eve l s of the Oro s h a f t and the #3 M i n es h a f t , the downgradient metal contaminated a l l u v i u m , and the downgradientstream. T h i s sugges ted that the deeper por t ion of the s h a f t is the primary sourceof metal s to F r e n c h Creek or s i g n i f i c a n t mine f l o w is bypa s s ing the u p p e r level sof the Oro s h a f t . Characterization of the d e eper port ion of the Oro s h a f t in J u n eof 1998 suggested that s i g n i f i c a n t mine water f l o w could be b y p a s s i n g both theu p p e r and lower port ions of the Oro s h a f t and d i s c h a r g i n g in the area of the #3M i n e s h a f t ( F i g u r e 1-1).

7American Geological Services, Inc.
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The sodium bromide tracer that was injected into an a l l u v i a l ground-water wellwas observed to be d i l u t e d within a few days. The tracer was not detected in thedowngradient a l l u v i a l monitoring well or in French Creek. It was assumed that thetracer was either (1) attenuated or d i l u t e d before it reached the monitoring welland stream, (2) the travel time was too slow for the two-month tracer- samplingp e r i o d , or (3) p r e f e r e n t i a l pathways in the a l l u v i u m may of bypassed themonitor ing stations. Direct measurements of a l l u v i a l groundwater ve loc i ty with ac o l l o i d a l borescope in J u n e of 1998 indicated s ign i f i can t pr e f e r en t ia l f l o wpathways with velocit ies as h i g h as 460 f e e t per day. T h i s suggest s that there ares ign i f i cant volumes of water f l o w i n g within the a l luv ium that could have d i l u t e dthe tracer below detec t ion l imi t s . M a p p i n g of a l l u v i a l ground-water l eve l s alsosuggested that the tracer f l o w pathway could have p a r a l l e l e d the stream andbypassed the monitoring we l l .
Varia t i on s in downstream French Creek metal concentrations and streamdi s charge were q u a n t i f i e d by a p p l y i n g a sodium chlor ide tracer to the stream.The tracer s tudy was coordinated with a synopt i c s a m p l i n g event of the streamand stream inf lows . The d i l u t i o n of the stream salt tracer below the 11-10 Faultwas interpreted to be due to a s ign i f i can t increase of ground-water di scharge tothe stream. The increase in stream di scharge below the 11-10 Fault wasquant i f i ed by a p p l y i n g spot tracer inj e c t i ons above and below the 11-10 F a u l t .Thes e spot in j e c t i on s also showed that a s i g n i f i c a n t f l o w component of thestream, up to 30%, was occurring within the stream gravels and cobbles. T h i stype of f l o w is referred to as transient storage and can not be measured withtradit ional stream f l o w meter methods. The instream tracer and synoptic studieswere able to i d e n t i f y subreaches of F r e n c h Creek where the major i ty of metall o a d i n g occurred. S i g n i f i c a n t i n f l o w of metal s was attributed to the 11-10 andB u l l h i d e f a u l t s as they crossed French Creek and metal contaminated seepsa l o n g French G u l c h Road downgradient f rom the B u l l h i d e Fault and W-O minesite, it was believed that the source of the metal contaminated f a u l t water andseeps was the W-O mine poo l .
S e c t i o n 7 in th i s report reviews the characterization s tudie s p er f ormed on the W-O mine pool. During low f l o w conditions in January of 1997, geophysical l o g g i n gand water s a m p l i n g of the Oro Mine s h a f t and selected ground-water moni tor ingwell s in the vicinity of the W-O site were per formed for the EPA (RAS, 1997a).American Geo l og i ca l Services, Inc. in J u n e of 1998 complemented thi s s t udywith a high f l o w evaluation. Geophysical l o g g i n g involved a Video Log (camera),Water Qual i ty Log (temperature, f luid electrical conduct ivi ty, pH and oxidat ion-reduction p o t e n t i a l ) , Discrete Point Downhole Fluid S a m p l e r , and f l o wevaluations (Heat Pul s e Flowmeter , C o l l o i d a l Borescope, and H y d r o p h y s i c a lL o g g i n g techniques). F l o w evaluations were also conducted on selected ground-water monitoring we l l s in J a n u a r y of 1997 and May of 1996.
The Heat Pul s e Flowme t e r (HPF) evaluation on selected monitoring wel l ssuggested that a s i g n i f i c a n t amount of metal contaminated mine and ground

8American Geo log i ca l Services, Inc.



F i n a l H y d r o g e o l o g i c ReportWellington-Oro Mine and Mill Sit eMay 1999
water has been u p w e l l i n g f rom the B u l l h i d e and 11-10 f a u l t s and their associatedf a u l t block in the vicinity of the #3 m i n e s h a f t ( F i g u r e s 1-1 and 1-3). T h i s arearepresents the downgradient western por t i on of the W-O mine workings. Ver t i ca lu p f l o w rates f r om a monitoring well that penetrated the B u l l h i d e Fault weremeasured to be as h igh as 1.44 g a l l o n s per minute ( g p m ) . S i g n i f i c a n t f l o w wasalso associated with the base of the a l l u v i u m between the 11-10 and B u l l h i d ef a u l t s . T h i s f l o w was interpreted to be f rom direct mine water discharge into thebase of the a l l u v i u m via underground mine s t o p i n g and f a u l t s eepage. M i n es t o p i n g to the base of the a l l u v i u m in the vic inity of the #3 Mine s h a f t and s t o p i n ga long f a u l t s were documented by the Levering (1934) report on the W-O mine. Incontrast, minimal vertical f l o w was detected in a l l u v i a l moni tor ing w e l l s ou t s id ethe B u l l h i d e and 11 -10 f a u l t block.
The video log in J a n u a r y of 1997 showed po t ent ia l obstructions (condu i t cab l e?)in the Oro m i n e s h a f t at 298 f ee t below surface that prevented evaluation of thelower h a l f of the mine shaf t . F u r t h e r evaluation in the J u n e 1998 study resulted inthe assessment that these obstructions would not impact the characterization ofthe lower h a l f of the Oro mine sha f t . Based on temperature l og s and f l o wevaluations, s i g n i f i c a n t mine f l o w appear s to be occurring below the 2n d driftlevel. A review of mine maps and comparison of mine water chemistry betweenthe mine d i s charge areas, the #3 M i n e , and the Oro m i n e s h a f t sugges t s that alarge por t ion of t h i s mine pool f l o w could be bypas s ing the u p p e r and lower l eve l sof the Oro m i n e s h a f t .
The mine waters a p p e a r to be young, less than 25 years old. The mine poolwaters are in a p r e d o m i n a n t l y reducing environment. The mine pool chemistry isvery uns tab l e , h i g h l y reactive, and chemical processes are p o o r l y understood.Cons equen t ly , the actual source, metal f a t e , and pathway of mine water to thedi scharge areas are difficult to assess. Any conclusions f r o m the chemical dataand bench scale t e s t ing of the mine waters may be suspect because they maynot represent in-situ condit ions. It can be i m p l i e d f r om these minecharacterization studies that the f l o w pathways f r o m the mine workings to FrenchCreek are mine stopes and workings, f a u l t s , f rac ture s in the shale bedrock, andthe sha l l ow a l l u v i a l a q u i f e r (Figure 1-3).
Sec t i on 8 of this report reviews the s tudie s that were conducted on sur face minewastes. T h e r e were f o u r inves t igations conducted in the v i c in i ty of the W-O sitedur ing 1996 and 1997 that addressed surface mine waste (BOR, 1997a and1997b, URS Operat ing Services I n c . , 1997, and Richard, 1997). The surfaces p o i l s that were evaluated in these s tudie s were the roaster f i n e s , mill t a i l i n g sand waste rock p i l e s . Analyse s of spo i l material s inc luded par t i c l e sizedi s tr ibu t ions , f i e l d X-ray Fluorescence (XRF), laboratory measured total metals,X-ray d i f f r a c t i o n (XRD), and Tota l Characteris t ic Leaching Procedure (TCLP).Satura t ed paste extract results were also ava i lab l e f r o m the S t a t e of ColoradoDivision of M i n e r a l s and G e o l o g y (DMG, 1994). Material volumes were estimatedby the BOR to be 43,000 cubic yards of roaster f i n e s and 55,000 cubic yards of
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mill t a i l i n g s (BOR, 1997a). Subsequent evaluations and sur face c l e a n u p workindicated that the roaster f i n e s volume was overestimated and could be closer to6,000 cubic yards (L.F. Brown, 1998). L . F . Brown ( 1 9 9 8 ) believed that thevolume of mill t a i l i n g s was also overestimated. AGS int erpre ta t ion of historic airpho to s i m p l i e d that a d d i t i o n a l mine wastes, p o s s i b l y related to the roaster f i n e s ,may be buried below the main waste rock p i l e . The volume of waste rock isunknown. The total metal content, p a r t i c l e size, minera logy and degree ofsaturation varied wi thin the d i f f e r e n t surface s p o i l s . T h e s e f a c t o r s a f f e c t e d thesurface s p o i l s metal l e a c h i n g p o t e n t i a l .

t a i l i n g s , roaster f i n e s , and waste rock all had elevated level s of lead (Pb), Znand other metals. In general, total Fe concentrations were highest in the roasterf i n e s and m i l l t a i l i n g s , up to 20 percent. T o t a l Pb concentrations were highes t inthe waste rock and mill t a i l i n g s , up to 2%. Zn concentrations for the waste s p o i l sranged f rom one to several thousand part s per m i l l i o n ( p p m ) . One roaster f i n e ss a m p l e had up to 2% total Zn. Cd concentrations ranged f r o m a few ppm to overone thousand ppm for a roaster f i n e s sampl e . TCLP and saturated pas t e result ssuggest that Pb was more l eachab l e in the waste rock compared to the roasterf i n e s and mill t a i l i n g s . Zn appeared to have greater l e a c h i n g p o t e n t i a l in theprocessed material than the waste rock (URS, 1997).
Observed ground-water metal concentrations were highe s t in the saturatedpor t i on of the roaster f i n e s , by orders of m a g n i t u d e compared to the mill t a i l i n g s .T h e r e were no ground-water moni tor ing we l l s in the waste rock. The total metalconcentrations and TCLP showed s i m i l a r m a g n i t u d e of concentrations andl ea ch ing p o t e n t i a l for the roaster f i n e s , mill t a i l i n g s , and waste rock. Thesaturated paste extracts indicated that the leachate concentrations of the roasterf i n e s were orders of magni tude greater than the mill t a i l i n g s and waste rock. Ap o s s i b l e e x p l a n a t i o n for the observed d i f f e r e n c e s in ground-water q u a l i t y of thesur face s p o i l s was that the roaster f i n e s have greater l ea chab l e metal s becauseof the ir acid generation p o t e n t i a l , mineralogy, and phys i ca l characteristics.
Richard ( 1 9 9 7 ) modeled po t en t ia l metal l o a d i n g f r om the W-O mine pool andsurface waste. The surface waste evaluation in c luded l o a d i n g associated withground-water f l o w through the spo i l p i l e s and surface r u n o f f . The metal l o a d i n gestimates associated with surface r u n o f f was based on the a s sumpt i on that mostmetals were transported to French Creek as metal s adsorbed to sedimentp a r t i c l e s . The Univer sa l Soil Loss Equation (USLE) was used to a p p r o x i m a t esediment yi e ld or soil loss for the s po i l p i l e s . Metal l o a d i n g associated withsur face r u n o f f was estimated by m u l t i p l y i n g sediment yie ld a p p r o x i m a t i o n s by theaverage metal content of the surface s p o i l p i l e s . E s t ima t ing the d i s s o lved phaseconcentrations in surface r u n o f f f r om saturated paste re su l t s and usinga p p r o x i m a t i o n s of r u n o f f f r om c l imat i c data resul ted in s i m i l a r metal l o a d i n gc a l c u l a t i o n s to the USLE method.
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Metal l o a d i n g estimates associated with the W-O mine pool and ground-waterf l o w through surface spo i l p i l e s were calculated by m u l t i p l y i n g the metals contentof the ground-water in the sur face spo i l p i l e or mine water by estimateddi s charge rates. The d i s charge rates for the surface s p o i l s were a p p r o x i m a t e dusing Darcy's ground-water f l o w equation. The original estimates of di schargerates for the W-O mine pool were approximated by e x t r a p o l a t i n g observed minewater di s charge associated with the 11-10 and B u l l h i d e f a u l t s and the a l l u v i a la q u i f e r in the vic ini ty of the #3 Mine site. Fault seepage was q u a n t i f i e d f rom datapresented in the stream tracer and borehole f l owme t er s tudies (Kimball et. al . ,1997 and RAS, 1997a). Mine discharge into the a l luvium was estimated from theobserved a l l u v i a l head elevation d i f f e r e n c e s and Darcey f l o w ca l cu la t i on s in thevic ini ty of the #3 Mine. T h e s e mine discharge estimates range between 0.9 to 3.2cubic f e e t per second (cfs) or 400 to 1430 g a l l o n s per minute ( g p m ) . The streamtracer and f l o w m e t e r s tudies were conducted d u r i n g two consecutive aboveaverage snow seasons. Ground-water base f low and f a u l t seepage may havebeen s i g n i f i c a n t l y i n f l u e n c e d by the above average snow seasons. Consequent ly,these original mine discharge estimates may represent condit ions for abovenormal (150% - 200%) snow seasons.
A s u l f a t e mass balance model was used to evaluate historic mine dischargerates that may be more representative of average snow seasons. F r e n c h Creeks u l f a t e concentrations and f l o w measurements since 1989 were integrated intothe s u l f a t e mass balance model. A s u l f a t e f l u x associated with a l l u v i a l ground-water and transient f l o w was also incorporated into the model. It was assumedthat approx imat e ly 90% of the total French Creek and associated ground-waters u l f a t e product ion were due to the W-O mine pool discharge. T h i s evaluationresulted in a ca l cu la t ed peak mine f l o w in J u n e of 600 gpm and a low mine f l o win February of 145 gpm.
The mine and surface spoil discharge and loading analysis suggested thatsur face s po i l p i l e s contribute a small percentage of the overall metal l o a d i n g toF r e n c h Creek. Local i n f i l t r a t i o n of snow melt and r u n o f f associated with thes p o i l s are not a s i g n i f i c a n t metal transport mechanism. It is estimated that theW-O mine pool contributes over 90% of the Zn and Cd l o a d i n g to French Creek.A comparison of mine Zn product ion with French Creek surface and ground-water zinc p r o d u c t i o n suggest that Zn is being attenuated 40% to 60% bygeochemical processes a long the contaminate pathways to French Creek.
Characterization s tudies in the vic inity of the W-O mine site were able to evaluatehydrologic f l o w pathways, hydrologic responses to storm and snow melt events,the h y d r o l o g i c connection between the mine p o o l , ground-water systems, andFrench Creek, metal l o a d i n g contribution from the various sources, and pre-remediation environmental baseline conditions. The results f rom this worksuggest that the W e l l i n g t o n - O r o mine pool is the major source of metalcontamination to French Creek and the Blue River. The f a u l t s and fracturedbedrock in the area have been i d e n t i f i e d as major conduit s for water into and out
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of the mine ( F i g u r e 1-2). M i n e workings, e s p e c i a l l y s topes , are also p r o b a b l ymajor pathways for metal contaminated mine water transport out of the workings(Figure 1-3). T h e r e is not a point source of mine d i s charge to the a l l u v i u m andFrench Creek. As a result , the mine o u t f l o w rates are b u f f e r e d by the h y d r o l o g i cp r o p e r t i e s o f the c o l l a p s e d ( ? ) s topes , fractured bedrock, and f a u l t s . H y d r a u l i chead d i f f e r e n c e between the mine pool and the a l l u v i a l v a l l e y is the d r i v i n gmechanism for f l o w out of the mine. The in t er c ep t i on of regional ground-waterf l o w by the mine workings results in the contamination of the bedrock ground-water. T h i s contaminated ground-water d i s charge s to the a l l u v i a l v a l l e y and isd i l u t e d by clean a l l u v i a l ground-water. Geochemical processes within thea l l u v i u m and p o s s i b l y in fractured bedrock f l o w downgradi ent of the mineappear s to attenuate metals. Mine water di s charge into the a l l u v i u m and F r e n c hCreek seems to be conf ined to the 11-10 and B u l l h i d e f a u l t s and the ir associatedf a u l t block in the v i c in i ty of the #3 M i n e s h a f t ( F i g u r e s 1-1 and 1-2). The i n f l o wrates d u r i n g the s p r i n g f l o w surge can range f r o m 550 gpm to 1,400 gpmd e p e n d i n g on the a v a i l a b l e moisture in the winter snow pack. Inflow rates of 550gpm would be t y p i c a l for average snow years while the u p p e r f l o w rates p r o b a b l yrepresent 150-200% above average snow years. F r e n c h Creek headwaterregion snowmelt and the h igher elevation site snowmelt recharge the f a u l t e d andfrac tured bedrock system that result s in a nearly ins tantaneous rise in theregional bedrock ground-water table. The ris ing ground-water t a b l e recharges themine p o o l . S i g n i f i c a n t rises of water level s in the mine pool are the result of i n f l o wrates exceeding o u t f l o w rates. The mine i n f l o w is driven by large h y d r a u l i c headd i f f e r e n c e s between the u p g r a d i e n t regional ground-water t a b l e and thedowngradient western di scharge port ion of the mine workings. Since mineo u t f l o w is b u f f e r e d by the h y d r o l o g i c p rop er t i e s of the f a u l t s , fractured bedrock,and p o s s i b l y c o l l a p s e d s tope s , the s p r i n g f l o w surge is accommodated by anincrease in the mine water di scharge area, ris ing mine pool l ev e l s , and ap r o l o n g e d peak and drainage period a f t e r the s p r i n g surge ( F i g u r e 1-1). Thelarge f l u c t u a t i o n s in mine pool l eve l s are the major mechanism for the generationof acid rock drainage and the f o rmat i on of metal-bearing so lut ions . Based on thedata c o m p i l e d dur ing the characterization s tud i e s , it has been concluded thatperco la t i on of local site snowmelt into the u p p e r por t i on s of the mine pool is not amajor source of recharge water to the W-O mine p o o l .
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2.0 I n t r o d u c t i o n
The U . S . Bureau of Reclamation (BOR) contracted American G e o l o g i c a lService s , Inc. (AGS) in November o f 1996. T h i s contract i n c l u d e d p r e p a r a t i o n o fa report on site characterization s tud i e s and the d e v e l o p m e n t of a c onc ep tua lh y d r o g e o l o g i c model f or th e W e l l i n g t o n - O r o (W-O) mine and mi l l site. The U.S.Environmental Protect ion Agency (EPA) Region 8 t h r o u g h an interagencyagreement with the BOR requested th i s work. A large p o r t i o n of the f u n d i n g forthe characterization s tud i e s conducted at the W-O site o r ig ina t ed f r om an EPARegion 8 H e a d w a t e r s Grant to the C o l o r a d o Divis ion of M i n e s and G e o l o g y( D M G ) .
2.1 S e t t i n g
The W-O site is located a p p r o x i m a t e l y 2.2 mi l e s ups tream or east of thec o n f l u e n c e of F r e n c h Creek with the Blue River near Breckenridge , Co lorado .The site is on the north side of the west east t r e n d i n g French G u l c h v a l l e y in thesoutheast quarter of S e c t i o n 32, T o w n s h i p 6 S o u t h , Range 77 Wes t . The localsite ground e l evat ion range f r o m 9,800 to 10,100 f e e t above sea l eve l . The r idg eabove the eastern extent of the mine workings is over 10,500 f e e t above sealevel .
French Creek or ig inate s east of the site a l o n g the C o n t i n e n t a l Div id e in S u m m i tCounty and f l o w s north and west for over six mi l e s t hrough the g l a c i a t e d h i g hmountain F r e n c h G u l c h v a l l e y to i t s c o n f l u e n c e with the Blue River. The BlueRiver f l o w s into Dillon Reservoir, a m u n i c i p a l water s u p p l y for the DenverM e t r o p o l i t a n area, a p p r o x i m a t e l y ten mi l e s north of Breckenridge ( F i g u r e s 2-1and 2-2).
Extensive p l a c e r and underground l od e m i n i n g occurred in the v a l l e y f r o m thelate 1850' s t o the 1960' s . There was some mine dewatering and undergrounde x p l o r a t i o n ac t iv i t i e s in the early 1970's. Lode min ing was concentrated on thefairly s t eep v a l l e y s ide s where lead-zinc-si lver s u l f i d e ores and rich g o l d oreswere extracted through an extensive network of tunnel s and adits. Large f l o a t i n gd r e d g e boats were used to p la c e r mine the v a l l e y f l o o r for g o l d . The hi s tor icp l a c e r d r e d g i n g c o m p l e t e l y d i s r u p t e d F r e n c h Creek and i t s associated a l l u v i a lv a l l e y material r e s u l t i n g in large d r e d g e p i l e s covering the v a l l e y f l o o r f r o m theBlue River to over a mi l e east of the W-O site. The p l a c e r m i n i n g commonlyinvolved d r e d g i n g to the bedrock, over 50 f e e t below the v a l l e y surface . The W-O site consists of three mine s h a f t s (Oro, #3, and X-10-U-8), extensiveunderground workings, a mi l l site, waste rock p i l e s , mi l l t a i l i n g s p i l e s , roasterf i n e s p i l e , and d r e d g e t a i l i n g s . Port ions o f the mil l and dr edge t a i l i n g s are w i th inthe F r e n c h Creek dra inage (Figure 2-2). DMG sur fa c e maps showed the buriedM o n a h a n s h a f t located north of F r e n c h G u l c h road and i m m e d i a t e l y east of the
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roaster f i n e s . P u b l i s h e d USGS mine maps and report in 1934 made noreference to th i s s h a f t ( L e v e r i n g , 1934).
2.2 G e o l o g y
T.S. Levering ( 1 9 3 4 ) described the g e o l o g y o f the W e l l i n g t o n - O r o M i n e ands u r r o u n d i n g area in the U.S. G e o l o g i c a l Survey P r o f e s s i o n a l P a p e r 176. F i g u r e2-3 is a por t i on of Lovering's g e o l o g i c map in the area of the W-O site. Thebedrock in the W-O area consists of Cretaceous sha l e , l ime s tone and quartzite(Pierre sha l e , N i o b r a r a f o r m a t i o n , Benton shal e , and Dakota quar t z i t e); J u r a s s i cshale and sands t one (Morri s on f o r m a t i o n ) ; Permian and P e n n s y l v a n i a n (?) shaleand conglomerate (Maroon and Weber? f o r m a t i o n s ) ; and T e r t i a r y monzonitep o r p h y r y and quartz monzonite porphyry. Lode min ing occurred a l o n gmineral ized veins and metamorphi c r ep lacement d e p o s i t s associated withcontact metamorphized J u r a s s i c - and Cretaceous-age sediments and theTert iary-age p o r p h y r y bodies ( L e v e r i n g , 1934). The v a l l e y f l o o r i s d raped withQuaternary g la c ia l material that consists of a l l u v i u m and co l luv ium. The a l l u v i u mv a l l e y material is commonly 50 f e e t in thickness and ranges in w i d t h f r om 700f e e t to over 1/4 of a mile. Placer d r e d g i n g has d i srupt ed a large por t ion of thi smaterial .
The s e d i m e n t a r y rocks and igneous intrusions are cut by a series of north tonortheast t r end ing f a u l t s ( F i g u r e 2-3). The sedimentary strata are f a u l t e d andf o l d e d into a large graben ( d o w n - d r o p p e d f a u l t b l o c k ) and sync l in e structuralfeature. W i t h i n the graben f a u l t block, named the Oro f a u l t block, the synclinalaxis trends a l o n g the Oro underground mine workings in a northeastwarddirection f rom the W-O site. The Oro f a u l t block is bounded to the west by theB u l l h i d e Fault and to the east by the Great N o r t h e r n and "J" f a u l t zones ( F i g u r e2-3). The 11-10 Fault is a s p l a y f rom the B u l l h i d e Fault. The Oro and #3 Mines h a f t s and the ir workings were d e v e l o p e d in th i s graben and syncl ine structuralfeature. The W e l l i n g t o n Mine workings were associated with both thedownthrown Oro Fault b lock and the upthrown W e l l i n g t o n Fault b lock east of theGreat N o r t h e r n and "J" F a u l t s . The original W e l l i n g t o n Mine workings wereopened by several ad i t s , the large s t was the i n c l i n e d X-10-U-8 ( E x t e n u a t e ) s h a f tthat was located a p p r o x i m a t e l y 1,400 f e e t east of the Oro M i n e s h a f t . The Oroand W e l l i n g t o n workings were j o i n e d in 1902 by the ir fifth and s ixth levels . Theu p p e r W e l l i n g t o n - O r o workings were mo s t ly in the T e r t i a r y monzonite p o r p h y r yw h i l e the lower l eve l s exposed the Pierre, N i o b r a r a , Benton, Dakota, andMorrison s ed imentary units (Lever ing , 1934).
Lovering (1934) c a l c u l a t e d the vertical d i s p l a c e m e n t on the B u l l h i d e Fault to be800 f e e t with a dip s l i p movement of a p p r o x i m a t e l y 900 f ee t . The Great N o r t h e r nand "J" f a u l t s have s i m i l a r d i s p l a c e m e n t as the B u l l h i d e Fault . Lovering (1934)ca l cu la t ed the net s l ip for the 11-10 Fault to be 110 f e e t . The vertical
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d i s p l a c e m e n t on the 11-10 Fault was estimated to be as much as 50 fee t . The11-10 Fault also has a s i g n i f i c a n t strike s l ip ( h o r i z o n t a l ) component ofa p p r o x i m a t e l y 45 to 50 f e e t . Levering (1934) also indicated that there wasevidence for horizontal movement on the B u l l h i d e , Great N o r t h e r n , and "J" f a u l t s .Ore veins were commonly associated with the f a u l t zones and it was not unusualfor mine s t ope s to f o l l o w the f a u l t s . Levering (1934) sugge s t ed that the GreatN o r t h e r n and "J" f a u l t zones were the major conduit for hypogene minera l i za t i on(formed by ascending waters) originat ing from the Ter t iary intrusions in the area.
2.3 M i n i n g H i s t o r y
Placer m i n i n g in F r e n c h Creek began in 1859 with small gravity s epara t i onoperations. W i t h the subsequent consol idat ion of mining claims, sur face waterdivers ions were i n s t a l l e d f o r h y d r a u l i c min ing a n d booming ( S A I C , 1994). N i n edredge s were opera t ing in the area d u r i n g the early 1900's. D r e d g i n g operat ionscontinued until the 1940's. T h e s e operat ions re sul t ed in 40 to 50 f o o t h i g h p i l e sand r idge s of cobbles and gravel size p lac er t a i l i n g s .
T h e r e are several abandoned underground l od e m i n i n g sites in French G u l c h .Numerous s h a f t s , ad i t s , and waste rock p i l e s are located on the s l op e s ofG i b s o n , Pro sp e c t , M i n e r a l , H u m b u g , and F a r n c o m b h i l l s . The Country Boy mineis located due south of the W-O site (Figure 2-2). T h i s mine began operations in1889 and produced h igh-grade z inc- l ead- s i lver ore with some g o l d (SAIC, 1994).The Country Boy is p r e s e n t l y operated as an underground mine tourist attraction.T h e Minera l H i l l McLeod T u n n e l a n d Famcomb H i l l (Wire Patch) gold mine werelocated ups tream of the W-O site. The Detroit M i n e was located downstream ofthe W-O on the eastside of Gibson Hill and above Gibson Gulch . T h i s minebegan operat ions in the 1890' s and produced g o l d , lead and s i lver (SAIC, 1994).The Union City Mine and Mill was located one mile downstream from the W-Osite. An unknown quant i ty of mill t a i l i n g s a p p e a r s to be u n d e r l y i n g the p l a c e rd r e d g e p i l e s in t h i s area. T h e r e are p r e s e n t l y no active min ing opera t i on s in theF r e n c h G u l c h val ley.
The Wel l ing ton-Oro mine and mi l l complex was the largest mining operation inthe va l l ey . Most of the l ead-zinc-copper-s i lver s u l f i d e ores and g o l d ores wereextracted f r o m the W-O between the 1880's to the 1930's. A c c o r d i n g to Lovering(1934) over 1 m i l l i o n tons of ore was mined in th i s time per iod . By the end of the1920's the underground W-O mine workings consisted of over twelve mile s oftunnel s , adi t s , drifts , s topes and crosscuts (Lovering, 1934). S i g n i f i c a n t por t ionsof these workings were below the e levation of the ground-water t a b l e and F r e n c hCreek.
W-O mine ore was removed at two main locations: the mill site through severalt unne l s and the Oro Shaft, and from the X-10-U-8. Large waste rock p i l e sremain at the Oro Shaft and X-10-U-8. In 1928, the deepe s t level of the mine,
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the e i g h t h Oro l e v e l , was d e v e l o p e d . Ore removal at the W-O ceased in 1960'swhen mine water management became u n f e a s i b l e (SAIC, 1994).
A p u m p station was located on the s ix th level near the X-10-U-8 or W e l l i n g t o ni n c l i n e d s h a f t ( L e v e r i n g , 1934). A c c o r d i n g to the U.S. Bureau of M i n e sin sp e c t i on records in 1919 and 1921, the station consisted of two p u m p s with atotal capac i ty of 1,000 g a l l o n s per minute ( g p m ) . At the t ime of i n s p e c t i o n , thesep u m p s were o p e r a t i n g at a rate between 300 and 350 g p m .
A 100-ton gravity mill was constructed at the W-O site in 1908. L e a d , zinc andpyri t e concentrates were produced f r o m th i s mil l u n t i l 1929. In 1912, a 50-tonroaster and magnet ic s eparat ion p l a n t was b u i l t to remove iron and s u l f u r f r o mthe zinc byproduc t s . The roaster and magnet ic s eparat ion p l a n t operated u n t i l1927, when it was r ep lac ed by a more economical f l o t a t i o n mill ( L o v e r i n g , 1934).The b y p r o d u c t s o f these p l a n t s re sul ted in roaster f i n e s and mi l l t a i l i n g s beingdi s carded at the site.
The roaster f i n e s were exposed at the ground sur fac e u n t i l the fall of 1998( F i g u r e 2-2). B&B M i n e s p e r f o r m e d c l e a n u p work on the roaster f i n e s in the fal lof 1998 under an EPA a d m i n i s t r a t i o n order. The roaster f i n e s were moved to anearby repos i tory above the ground-water t a b l e and c a p p e d .
Based on AGS review of his toric air pho to s it is believed that some of the gravityand f l o t a t i o n mill t a i l i n g s , and p o s s i b l y roaster f i n e s , were buried by waste rockand t a i l i n g s generated by operat ions in the 1950' s and 1960' s . Some o f thet a i l i n g s were al so d i s card ed into F r e n c h Creek and washed downstream d u r i n gthe early operat ions. T a i l i n g s p o s s i b l y associated with th i s t ime period can beobserved a l ong the lower reaches of the F r e n c h G u l c h v a l l e y .
M i n i m a l m i n i n g occurred a t th e W-O site f r o m the late 1930' s and 1940' s . In th e1940' s th e present owners (B&B Mine s and several a f f i l ia t ed c o m p a n i e s )acquired the W-O proper t i e s . S p o r a d i c min ing and mill op era t i on s occurred atthe W-O from the la t e 1940' s t o the early 1970' s . Lessees o f B&B M i n e sconducted these operat ions . M i n i n g and mill opera t i on s of these lessees arep o o r l y documented in B&B Mines f i l e s and p u b l i c records. C o n s e q u e n t l y , theextent of opera t i on s d u r i n g th i s period is p o o r l y understood.
F r o m th e late 1940 ' s into th e early 1950 ' s , a Mr. Davenport leased andconducted m i n i n g operat ions at the W-O site. Former par tner s of Mr. Davenport ,H o r n and Burger, acquired the lease and mining operat ions in the m i d - 1 9 5 0 ' s .C o n s o l i d a t e d P a r n e t t / W e l l i n g t o n M i n i n g Asso c ia t i on leased and mined the W-Od u r i n g t h e early 1 9 6 0 ' s . G i l m o r e / W e l l i n g t o n M i n i n g C o m p a n y leased a n d minedt h e W - O f r o m t h e late 1 9 6 0 ' s into t h e early 1 9 7 0 ' s .
The Davenport operat ions i n c l u d e d ore removal f r o m the 300 f ee t level p o s s i b l yvia the M a i n T u n n e l or W e l l i n g t o n Portal i m m e d i a t e l y west of the Oro s h a f t . This
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m i n i n g level would have required dewatering of the W-O mine pool by over 250f e e t . The dewatering was p r o b a b l y a c c o m p l i s h e d by p u m p i n g the Oro s h a f t .The mining operation dur ing the mid to late 1950's a p p a r e n t l y was l imi t ed to the80 f e e t level which was above the static water level of mine p o o l .
A f i r e destroyed the W-O mill in 1962. C o n s o l i d a t e d P a m e t t / W e l l i n g t o n M i n eAssoc ia t i on rebuilt the mi l l by early 1963. C o n s o l i d a t e d P a r n e t t / W e l l i n g t o n M i n eAsso c ia t i on conducted extensive mining and mill opera t i on s at the W-O in theearly 1960's. The new mill was p l a n n e d to h a n d l e up to 150 tons of ore per day.It is believed that the north and south mill t a i l i n g ponds and a s i g n i f i c a n t port ionof the main waste rock p i l e were d e v e l o p e d at t h i s time. Ore extract ion wasassociated with s t o p i n g from the 80 feet and 230 fee t drift levels that wereaccessed by the W e l l i n g t o n Portal or M a i n T u n n e l . The 230 f ee t level was a newdri f t d eve l oped by C o n s o l i d a t e d P a m e t t / W e l l i n g t o n Mine Assoc ia t ion. During them i n i n g operat ions the 4 t h Level of the old W e l l i n g t o n workings was intersected byan i n c l i n e d winze f r o m the 230 f e e t level . A mine blowout and f l o o d occurred in1962 when the old 4th level was intersected. To deve lop the new 230 fee t level in1961 the mine was dewatered by over 200 f e e t by p u m p i n g the Oro s h a f t . Tomaintain the water levels below the 230 fee t level the Oro s h a f t was p u m p e d at arate of 350 gpm.
The G i l m o r e operat ions began in 1968 f r o m the s h a l l o w 80 f e e t level off the M a i nT u n n e l . The U . S . Bureau of M i n e s reported a p r o d u c t i o n rate of 500 tons permonth at this time. Ore product ion a p p a r e n t l y ceased by 1970. In the early1970' s G i l m o r e d e v e l o p e d a new 176 f e e t dr i f t level o f f t h e M a i n T u n n e l and dr i f t sand crossuts f r om the Oro shaft's 5 t h level. Dewatering of the Oro s h a f t for theseoperat ions required a s t eady p u m p i n g rate of 600 to 1,000 gpm for a p p r o x i m a t e l y1-1/2 years to lower the mine pool level to the 6th Oro l eve l , around 85% of theor ig ina l saturated th i ckne s s of the mine. A p u m p i n g rate of 500 to 600 gpm wasrequired to maintain th i s water level ( W o o d w a r d - C l y d e , 1975). The Woodward-C l y d e ( 1 9 7 5 ) report also indicated that major water entry occurred at or below the5 th Oro level. G i l m o r e had p l a n n e d to extract ore f r o m these new workings butwent bankrupt due to a Securi ty and Exchange Commission (S.E.C.)inve s t i ga t i on (Brunton, 1980). The G i l m o r e operat ion was the last activeunderground mining and e x p l o r a t i o n that occurred at the W-O site. In the 1980's ,B&B M i n e s had only issued e x p l o r a t i o n leases for the W-O proper t i e s .
2.4 Review of Previous Characterization Work
I n 1989, t h e C o l o r a d o Department o f P u b l i c H e a l t h a n d Environment ( C D P H E )and the Colorado Division of Minera l s and Geo logy (DMG) proposed a Non-PointSource ( N P S ) 3 1 9 pro j e c t i n F r e n c h G u l c h a f t e r observing trout f i n g e r l i n g k i l l s i nthe Blue River below French Creek. According to SAIC (1994), Moran andWentz ( 1 9 7 4 ) and M c C o n n e l l ( 1 9 7 9 ) had p r e v i o u s l y documented elevated l ev e l sof Zn, Fe, Mn, Pb, and other metals in F r e n c h Creek below the W-O site and the
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Blue River below French Creek. During the mid-1980's , the C i t y of Breckenridgereclaimed and improved the Blue River f r o m south of town to a c o u p l e of mi l e sbelow F r e n c h Creek. This reclamation involved d r e d g i n g and removing the o ldp l a c e r t a i l i n g s , reconstruct ing the stream channe l , and revege ta t ing the streambanks (SAIC, 1994). Subsequent to the r e c lamat ion of the Blue River, theC o l o r a d o Divi s ion o f Wild l i f e ( C D O W ) i n i t i a t e d a s tocking program to re-es tabl i sha trout p o p u l a t i o n in the Blue River. As a result of th i s s t o ck ing, the acute toxicc o n d i t i o n s associated with F r e n c h Creek were f i r s t noticed.
In 1989 and 1990, the CDPHE p e r f o r m e d sur face water s a m p l i n g and tox i c i tyt e s t ing (CDPHE, 1989 and 1990). T h e s e s t ud i e s i d e n t i f i e d the W-O site as themajor metal s source in F r e n c h G u l c h . It was observed that the trout p o p u l a t i o nhad been e l i m i n a t e d in French Creek between the W-O site and the Blue River.A smal l native cutthroat trout p o p u l a t i o n was de tec ted in F r e n c h Creek ups treamof the W-O. The Blue River was impacted below F r e n c h Creek with a s i g n i f i c a n treduction in trout p o p u l a t i o n s (SAIC, 1994).
In 1991, DMG began dr i l l ing ground-water moni tor ing w e l l s in th e v i c in i ty o f th e#3 M i n e s h a f t and the mill t a i l i n g s . In March of 1992, DMG grout sealed the #3M i n e s h a f t and set PVC casing f rom the ground sur face to the #3 M i n e drift level(Figure 2-4). This pro j e c t was based on the premise that the #3 M i n e s h a f t was apoint source of mine water di s charge to the a l l u v i u m . The p u r p o s e of the grouts e a l i n g was to i s o la t e the s h a f t f rom the a l l u v i a l a q u i f e r . In c o n j u n c t i o n with th i ss e a l i n g , a r e l i e f well (MSRW-3) was d r i l l e d to measure mine f l o w s andcharacterize mine water qua l i ty . The mine pool did not rise above water level spr ior to grout s ea l ing . T h i s sugge s t s that there were other ground-waterpathways , p o s s i b l y f a u l t s and frac ture s in the bedrock, and mine s tope s , for minewater d i s charge to the a l l u v i u m (Stover , 1997).
In May of 1993, the DMG diverted French Creek around the mil l t a i l i n g s south ofF r e n c h G u l c h road (Figure 2-2). The ob j e c t ive of t h i s divers ion p r o j e c t was toa l l o w s p r i n g h i g h f l o w to bypas s the mil l t a i l i n g s and reduce p o n d i n g and the levelof the ground-water t a b l e in the south mill t a i l i n g s area. The d iver s ion e l i m i n a t e dmost of the p o n d i n g , but did not s i g n i f i c a n t l y lower the ground-water tab l e . Therewere no no t i c eab l e improvements in downgradi en t stream and ground-waterq u a l i t y as a result of t h i s pro j e c t (SAIC, 1994).
In the summer of 1993, the U . S . Bureau o f Mines (USBOM) conductedg e o p h y s i c i a l surveys us ing conduc t iv i ty methods to i d e n t i f y the s ub sur fa c elocat ion of the 11-10 f a u l t zone in the W-O site area. The 11-10 Fault appear edas a h i g h c onduc t iv i ty anomaly. In the fa l l o f 1993, DMG d r i l l e d a d d i t i o n a lground-water monitoring w e l l s i n c l u d i n g the 278 f e e t d e e p 11-10 Fault well (MW-14). The ground-water associated with the d e e p f a u l t well was uncontaminated.S u r f a c e wastes were also s a m p l e d and characterized with auger holes in the fallof 1993.
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In the fall of 1994, a series of new ground-water w e l l s were d r i l l e d for thep u r p o s e of c o n d u c t i n g a q u i f e r tests on the a l l u v i a l a q u i f e r and frac ture sha l ebedrock at the W-O site in the v i c in i ty of the #3 M i n e s h a f t . T h e s e tests ind i ca t edthat the shale bedrock and a l l u v i u m are in h y d r a u l i c communication with theunderground mine p o o l . T h i s s tudy conc luded that metal l a d e n mine water isd i s c h a r g i n g to the bedrock and a l l u v i u m via f ra c tur e s , subs idence zones abovemine s t ope s , and p o s s i b l y f a u l t s ( M o r r i s s e y , 1995).
2.5 Objec t ive s of Recent Contaminant H y d r o g e o l o g y Charac ter izat ionS t u d i e s
Acid mine dra inage (AMD) degrade s the water q u a l i t y in F r e n c h Creek and theBlue River. Previous characterization s tud i e s have i d e n t i f i e d the W e l l i n g t o n - O r oMine and Mill c o m p l e x as the major source of me ta l s l o a d i n g . The interact ion ofsur face and ground waters with s u l f i d e - b e a r i n g rocks, mine workings, andsur face mine waste produce acid s o l u t i o n s charged with heavy metal s that aretoxic to organisms. S u r f a c e and ground water pathways l e a d i n g off the W-O siteare p o t e n t i a l contaminant avenues to F r e n c h Creek. S u r f a c e watercontaminat ion pathways involve direct r u n o f f o f l eachate f r o m the s ur fa c e mines p o i l p i l e s (roaster f i n e s , mi l l t a i l i n g s , and mine waste rock) d u r i n g rainstormevents and s p r i n g snowmelt. Ground-water contaminat ion pathways i n c l u d ed i s charge of mine water f r o m the f l o o d e d underground mine workings into thea l l u v i u m and frac tured bedrock and seepage of l eachate f r o m the sur fa c e s p o i l sthat e v e n t u a l l y enter F r e n c h Creek by ground-water d i s charge .
During 1996 and 1997, site and regional characterization s t u d i e s were conductedby the f o l l o w i n g government agencies and private contractor:
• S t a t e o f C o l o r a d o Divis ion of M i n e r a l s and G e o l o g y (DMG),• S t a t e o f C o l o r a d o Department o f H u m a n H e a l t h and Environment (CDPHE),• U . S . G e o l o g i c a l Survey ( U S G S ) ,• U.S. Environmental Protect ion A g e n c y (EPA) Region 8,• U.S. Bureau of Reclamat ion (BOR), and• American G e o l o g i c a l Services , I n c . ( A G S ) .
The characterization of contaminant h y d r o g e o l o g y of the W-O site invo lved:
1. sur fa c e mine waste s t u d i e s ,2. mine pool s tud i e s ,3. sur fac e and ground water q u a l i t y s t u d i e s ,4. continuous ground-water and mine poo l water level m o n i t o r i n g ,5. i n s t a l l a t i o n of new moni t or ing w e l l s ,6. a q u i f e r t e s t i n g ,7. s ub sur fa c e f l o w eva lua t i on s on selected ground-water moni t or ing w e l l s andthe mine p o o l ,
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8. s tab l e i s o t ope tracer s tud i e s , and9. salt tracer s tudies .
The ob j e c t ive s of characterizing the site contaminant h y d r o g e o l o g y were to (1)determine the relat ive contr ibut ions of metal l o a d i n g f r o m the various sources, (2)i d e n t i f y metal contaminant pa thways and f a t e , and (3) e s t a b l i s h pre-remedia t i onenvironmental basel ine conditions.
The potent ial sources of metal l oad ing are the W-O mine pool and surface spo i l s .The pathways involve sur fac e r u n o f f f r o m s p o i l p i l e s and ground-water f l o w v iathe a l l u v i a l aqu i f e r , p lac er t a i l i n g s , fractured bedrock, a n d / o r f a u l t systems. F a t eof metal s refers to geochemical processes that may occur d u r i n g the transpor t ofmetal s f r om their source to F r e n c h Creek. Thes e processes may reduce theamount of metal s that d i s charge to French Creek and the Blue River. Thed e v e l o p m e n t of a h y d r o g e o l o g i c model involves the in t egra t i on of metal sources,t ran spor t pathways , and metal fa t e . An u n d e r s t a n d i n g of the contaminanth y d r o g e o l o g y is necessary for the eva luat ion of remediat ion opt ions .
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3.0 F r e n c h G u l c h and Blue River Water Q u a l i t y S t u d i e s

3.1 Abstract
Numerous water quality studies conducted in the French Gulch valley and theBlue River have demonstrated that a large portion of the heavy metals loading toFrench Creek and the Blue River are from the inactive Wellington-Oro mine andmill complex. Zn and Cd toxicity, poor fishery habitat, and low flows are probablyresponsible for the elimination of trout populations in French Creek below theWellington-Oro site and reduced trout populations in the Blue River below theconfluence with French Creek. State chronic and acute water quality standardsare commonly exceeded forZn and Cd in the impacted sections of French Creekand the Blue River. Other metals with elevated concentrations are Fe, Mn, andPb.
A large portion of the ground-water contamination in the vicinity of theWellington-Oro site has been interpreted to be due to underground Wellington-Oro mine pool discharge into the unmined bedrock and alluvial ground-watersystem. A significant amount of mine pool water apparently is dischargingdirectly into the alluvial aquifer in the vicinity of the #3 Mine shaft. Contaminatedground-water discharging from seeps downgradient of the mine site suggest thatground-water flow is a major component to metal loading in French Creek.Elevated metals in domestic wells southwest of the mine site does not seem tooriginate from the Wellington-Oro site.

3.2 I n t r o d u c t i o n
Since 1989 there have been numerous water q u a l i t y s t ud i e s conducted in F r e n c hG u l c h and the Blue River. Water Q u a l i t y s tud i e s have been p e r f o r m e d by theC o l o r a d o Department o f P u b l i c H e a l t h and Environment (CDPHE), th eEnvironmental Protec t ion A g e n c y ( E P A ) Region V I M , a n d t h e U . S . G e o l o g i c a lSurvey N a t i o n a l W a t e r - Q u a l i t y Assessment ( N A W Q A ) program ( C D P H E , 1989;EPA, 1992, 1993a, 1993b, 1994, 1996a and 1996b, and NAWQA, 1997a). Ina d d i t i o n to these s tudi e s , the Breckenridge S a n i t a t i o n District (BSD) conductedp e r i o d i c ground-water and stream s a m p l i n g a l o n g the Blue River in the v i c in i ty ofthe F r e n c h Creek c on f lu enc e f rom 1986 to 1994 (BSD, 1997). The Depar tmento f W i l d l i f e ( D O W ) River Watch program, S u m m i t County W a t e r Q u a l i t yCommit t ee (SWQC), and the Northwes t Co lorado Council of Governments havealso been p e r f o r m i n g p e r i o d i c s a m p l i n g a l o n g the Blue River since the s p r i n g of1997. Other water q u a l i t y data i n c l u d e d :

• selected metals ana ly s i s (Fe, Zn, and Cd) on s a m p l e s of ground-water,s e eps , and F r e n c h Creek associated with the s t ab l e i s o t op e and mine
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pool characterization studies (RAS, 1996a,1996b, 1997a, and 1997b)and• C D P H E water q u a l i t y data on domes t i c we l l s in the lower F r e n c h G u l c harea (CDPHE, 1996 and 1997).

The water qua l i ty s tudies have demonstrated that a large por t ion of the metal ands u l f a t e l o a d i n g to French Creek has been from the inactive W e l l i n g t o n - O r o (W-O)mine and m i l l site. The metals with the highest concentrations or ecologicalimpact on the streams are Zn, Fe, Mn and Cd. The Cd and Zn concentrationshave been the major contributors to f i s h tox ic i ty in F r e n c h Creek and the BlueRiver. The emphasi s of this review of water qual i ty data is on selected metals ofconcern and the ir r e l a t i o n s h i p to water q u a l i t y s tandard s . In a d d i t i o n , th i s reviewsummarizes ground-water q u a l i t y in the vic ini ty of the W-O mine and m i l l site andF r e n c h G u l c h r e s id en t ia l domes t i c we l l s .
3.3 Water Qual i ty S t a n d a r d s
U n d e r the f e d e r a l C l e a n Water Act, each state was required to e s tab l i sh waterqua l i ty s tandards for surface water bodies. A water qual i ty standard is a law orr e g u l a t i o n which consists of the b e n e f i c i a l d e s i g n a t e d use or uses for a waterbody or a segment of the water body and the water q u a l i t y criteria which arenecessary to protect the use or uses of that p a r t i c u l a r water body. A waterq u a l i t y s tandard serves a t w o f o l d purpose: (1) i t e s t ab l i sh e s the q u a l i t y g o a l s fora s p e c i f i c water body and (2) it is the basis for e s t ab l i s h ing water qua l i ty basedtreatment controls s trategies. Water q u a l i t y criteria consist of numerical t a b l evalues for the concentrations of s p e c i f i c chemicals in water, which protect thed e s i g n a t e d use. T h e s e criteria i n c l u d e both acute and chronic concentrationvalues for the pro t e c t i on of aquatic life as well as values to protect human h e a l t h .Chronic toxici ty is any condition a f f e c t i n g reproduct ion, growth, or l e t h a l i t ymeasurable w i th in one-tenth or more of a s p e c i e s ' life span. Acute t ox i c i ty ismeasurable l e t h a l i t y in aquatic life f o l l o w i n g their exposure in 96 hours or less.

3.3.1 Blue River
The area of interest i s the Sta t e of Colorado's aquatic l i fe d e s i g n a t i o n for twosegments of the Blue River. Blue River Segment 1 is d e f i n e d as the mainstreamof the Blue River f rom the source to D i l l o n Reservoir except for the s p e c i f i c l i s t i n gin S e g m e n t 2. Blue River Segment 2 is d e f i n e d as the mainstream of the BlueRiver from the conf luence with French G u l c h to a point one mile above thec on f lu enc e with the Swan River. Both segments have been de s ignat ed as "ColdWater Aquat i c 1". T h i s c l a s s i f i c a t i o n has been used for waters that are current lycapabl e of su s ta in ing a wide variety of cold water biota, i n c l u d i n g sensitivespecie s , or could sustain such biota due to correctable water q u a l i t y c ond i t i on s .Except for rivers with Outs tanding Waters de s ignat ion, this is the most stringentd e s i g n a t i o n for aquatic l i f e uses. The associated water q u a l i t y numeric t a b l e

27American G e o l o g i c a l Services , I n c .



F i n a l H y d r o g e o i o g i c ReportW e l l i n g t o n - O r o M i n e a n d M i l l S i t eMay 1999
s t andard s for s p e c i f i c metal s are, there fore , also s t r ingent values. T h e s e criteriaare based on national s c i e n t i f i c i n f o r m a t i o n about the e f f e c t s of p o l l u t a n t s onaquatic life and the level s of p o l l u t a n t s in water that w i l l g e n e r a l l y ensure waterq u a l i t y adequate to s u p p o r t the d e s igna t ed use.
Because of the current ly d egraded water q u a l i t y in S e g m e n t 2 of the Blue River,the S t a t e o f C o l o r a d o Water Q u a l i t y Control Commis s i on (WQCC) has p la c edt emporary m o d i f i c a t i o n s on the u n d e r l y i n g chronic water q u a l i t y criteria. T h e s em o d i f i c a t i o n s were made because it w i l l be difficult to addre s s heavy metalp o l l u t i o n associated with h i s tor i c m i n i n g ac t iv i ty in F r e n c h G u l c h and there i suncer ta in ty as to how and when the u n d e r l y i n g s t a n d a r d s can be achieved. Them o d i f i c a t i o n s were o r i g i n a l l y based on ambient c o n d i t i o n s or observedconcentrations in S e g m e n t 2. T h i s s e g m e n t ' s ambient m o d i f i c a t i o n wast emporary and expired on December 31, 1998. It is expected that th i sm o d i f i c a t i o n will be ex tended. The last extension of t h i s m o d i f i c a t i o n occurred inthe fall of 1996. The numeric water q u a l i t y values associated with the Blue RiverS e g m e n t 2 t emporary m o d i f i c a t i o n are not protec t ive of the C o l d Water A q u a t i cuse c l a s s i f i c a t i o n .

3.3.2 F r e n c h Creek
Below the W-O mine si te, French Creek does not have water q u a l i t y s t a n d a r d s inp l a c e comparab l e to the Blue River. I n s t e a d , the S t a t e has set water q u a l i t ys t andard s at ambient condi t ions or observed concentrations due to the presenceof s ub s tan t ia l "irreversible" human-induced p o l l u t i o n . An aquatic life use has notbeen de s igna t ed for th i s segment.

3.3.3 N u m e r i c Water Q u a l i t y S t a n d a r d s
The S t a t e o f C o l o r a d o acute and chronic t ox i c i ty t a b l e s t a n d a r d s for many metal sare based on the hardness of the s a m p l e d water. Because of variable hardnessassociated with d i f f e r e n t s a m p l i n g sites and events, there is not one f i x e dnumeric s tandard concentration for a given substance. Cd and Znconcentrations in F r e n c h Creek and the Blue River commonly exceed the S t a t ehardness a d j u s t e d t ox i c i ty s tandards . The other metal s detected in F r e n c hCreek and the Blue River are u s u a l l y below S t a t e t o x i c i ty s tandards . In g enera l ,the hardness a d j u s t e d acute and chronic t a b l e s t a n d a r d s for Zn in F r e n c h Creekand the Blue River ranged from 60 micrograms per l i t e r (ug/L) to 160 ug/L. Thehardness a d j u s t e d chronic tab l e s tandard for Cd ranged f rom 0.7 ug/L to 2.0 ug/Lwhi l e the Cd acute t a b l e standard ranged f rom 5 ug/L to 14 ug/L ( W Q C C , 1995).To make compari sons of d i f f e r e n t s a m p l i n g events and sites a l o n g F r e n c h Creekand the Blue River for the hardness based s t a n d a r d s , the EPA presented waterq u a l i t y p l o t s for s a m p l i n g sites as a relative percentage to the s tandard (EPA,1997).
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The French Creek and Blue River chronic toxici ty tab l e s tandards for Zn and Cdhave been m o d i f i e d by the S t a t e to a f i x e d concentration (Table 3-1). Them o d i f i e d F r e n c h Creek Cd chronic s tandard is 4.0 ug/L and the t emporarym o d i f i e d Cd chronic Blue River standard is 4.3 ug/L. For Zn, the m o d i f i e dchronic standard for French Creek is 1,980 ug/L while the Blue River temporarym o d i f i e d chronic s tandard is 1,700 ug/L ( W Q C C , 1995). The S t a t e Cd and Znacute tox i c i ty t a b l e s tandard s for F r e n c h Creek and the Blue River were notchanged.

T a b l e 3-1F r e n c h Creek and Blue River M o d i f i e d Zn and Cd Chronic S t a n d a r d s
Stream( s e g m e n t )
Blue River(Blue River 2)
French Creek(Blue River 11)

Zinc
1,700 ug/L
1,980 ug/L

C a d m i u m
4.3 ug/L
4.0 ug/L

Comment
expired 12/31/98

no exp i ra t i on

3.4 French Creek and Blue River Water Qual i ty
3.4.1 Summary of C D P H E and EPA Data

The major ion chemistry of French Creek above the W-O site is characterized bycalc ium bicarbonate. The ca l cu la t ed d i s s o l v e d s o l i d s concentration in a July1996 s a m p l i n g event above the W-O site (EPA, 1996b) was 63 m i l l i g r a m s perl i ter (mg/L). T h i s indicates that French Creek at the s a m p l i n g site is a d i l u t eheadwaters stream (Kimball et . al. , 1997). Below the mine si te, the July 1996s a m p l i n g had ca l cu la t ed d i s s o lved s o l i d s of 124 mg/L, nearly d o u b l e that abovethe mine. The stream water type also had changed to calcium s u l f a t ebicarbonate major ion chemistry. The Blue River and F r e n c h Creek have nearneutral to s l i g h t l y basic pH values. Except for Fe, to tal recoverable metalconcentrations are s i m i l a r to di s so lved metal concentrations in F r e n c h Creek andthe Blue River. Tota l recoverable Fe concentrations were u sua l ly much higherthan d i s s o lved concentrations in stream water, e s p e c i a l l y below the W-O minesite. T h i s d i f f e r e n c e was p r o b a b l y due to the f o r m a t i o n of Fe hydrox id e s ,commonly in the f orm of c o l l o i d a l material. A study by K i m b a l l (1997a) for theNAWQA program evaluated the role of c o l l o i d a l material in French Creek( A p p e n d i x 3-1). The Fe-rich c o l l o i d a l material w i l l r e a d i l y aggregate andp r e c i p i t a t e . T h i s Fe-rich material can be observed as the ochre color ( y e l l o w b o y )that coats sediments downstream of the W-O mine site. The c o l l o i d a l materialcan scavenge other metal s such as Zn, Cd, Cu, and Pb (Kimball, 1997a). Asummary of the CDPHE and EPA water q u a l i t y data is in A p p e n d i x 3-2.
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T a b l e 3-2 summarizes the stream sites on F r e n c h Creek and the Blue River thathave been sampled since 1989. F i g u r e 3-1 is a location map for the surfaces a m p l i n g sites in F r e n c h G u l c h and the Blue River. F i g u r e 3-2 is a l o ca t i on mapfor the surface and ground-water s a m p l i n g sites in the vicinity of the W-O minesite.
W a t e r q u a l i t y associated with the F r e n c h Creek southern branch (FG-8 s a m p l i n gsite) was better than the other downstream sites. The southern branch receivesminimal dra inage f r o m the W-O mine site (Figure 3-1 a). The mine site is locatedon the northern side of the French G u l c h va l l ey . C o n s e q u e n t l y , the northernbranch receives the ma jor i ty of mine water dra inage as observed at the FG-7s a m p l i n g site (Kimball et. al., 1997). FG-7 Zn and Cd concentrations were 2 to 5times greater than the observed concentrations at FG-8. For most of the yearthe main F r e n c h Creek tr i bu tary below the W-O mine site f l o w s through thenorthern branch ( F i g u r e 3-1 a). T h e r e f o r e , any W-O mine drainage to thesouthern branch is believed to occur via a l l u v i a l ground-water d i s charge andsubsurface f l o w in the p lacer t a i l i n g s that originated f rom lo s ing stream reachesassociated with the northern branch. During peak h i g h f l o w c o n d i t i o n s , the mainFrench Creek tributary may be breached with some surface f l o w s reaching thesouthern branch. The FG-9 stream s a m p l i n g site represents the merger of thetwo branches below "Dead Elk" Pond ( F i g u r e 3-1 and 3-1 a). In the fall of 1998sur fa c e c l e a n u p p r o j e c t , the u p g r a d i e n t r e l a t i v e l y clean main branch of F r e n c hCreek was diverted to the south branch. The purpose of the diversion was tosegregate clean stream water f rom the contaminated northern branch.

T a b l e 3-2French Creek and Blue River S a m p l i n g Si t e s
StreamS a m p l i n g S i t e
F G - O
F G - 1
F G - 2
F G - 3
F G - 4
F G - 5
F G - 7
FG-8
F G - 9
BR-1
BR-2
BR-3

Descr ip t ion
F r e n c h Creek upstream o f Farncomb H i l lF r e n c h Creek near the Wire Patch M i n eF r e n c h Creek due south of the McLeod f u n n e lF r e n c h Creek d u e south o f Minera l H i l lF r e n c h Creek due south o f X.10.U.8 ( E x t e n u a t e ) I n c l i n e d Shaf tF r e n c h Creek up s t r eam of W e l l i n g t o n - O r o M i n e S i t eNorth Branch of French Creek , U p s t r e a m of "Dead Elk" P o n d , Downstreamo f W e l l i n g t o n - O r o M i n e Si t eSouth Branch of French Creek, Ups t r eam of "Dead Elk" Pond, Downstreamof W e l l i n g t o n - O r o M i n e S i t eFrench Creek a p p r o x i m a t e l y 50 meters upstream from conf luence with theBlue River' Blue River a p p r o x i m a t e l y 15 meters upstream f r o m the c o n f l u e n c e withFrench Creekr Blue River a p p r o x i m a t e l y 50 meters downstream from the c o n f l u e n c e withFrench CreekBlue River at the t iger Run Resort, a p p r o x i m a t e l y 3.3 mi l e s downstreamfrom the conf luence with French Creek
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F i g u r e 3-3 is a p l o t of stream d i s charge or total f l o w measurements for theF r e n c h Creek and Blue River s a m p l i n g sites. The J u n e and July 1996 s a m p l i n g swere the o n l y h i g h f l o w events conducted since 1989. The d i s chargemeasurements on the Blue River and downstream of F r e n c h Creek site F G - 5suggest that these stream segments are p r e d o m i n a n t l y g a i n i n g reaches.S u b s t a n t i a l stream f l o w losses on F r e n c h Creek are indi ca t ed by the d i f f e r e n c e ind i s charge measurements between the F G - 3 and F G - 5 sites.
3.4.1 a C a d m i u m
F i g u r e 3-4 is a p l o t of d i s s o lv ed Cd concentrations with the F r e n c h Creek andBlue River m o d i f i e d chronic s tandards. Cd concentrations in F r e n c h Creekabove the W-O site (FG-5) and in the Blue River above the c o n f l u e n c e withF r e n c h Creek ( B R - 1 ) were u s u a l l y below laboratory de tec t ion l i m i t s . Below theW-O site, the d i s s o l v e d French Creek Cd concentrations at s a m p l i n g site F G - 7ranged f r o m 5.2 u g / L to 11.7 u g / L d u r i n g seven s a m p l i n g events. All of the FG-7and F G - 9 s a m p l i n g events exceeded the French Creek S t a t e m o d i f i e d chronicCd s tandard of 4.0 u g / L . T h r e e out of e ight s a m p l i n g events for the F G - 8s a m p l i n g site exceeded the m o d i f i e d s tandard. The Blue River s a m p l i n g sitebelow the F r e n c h Creek c o n f l u e n c e (BR-2) had d i s s o lved Cd concentrations thatranged f rom 1.1 u g / L to 6.8 u g / L ( F i g u r e 3-4). F o u r out of e ight s a m p l i n g eventsexceeded the Blue River S t a t e m o d i f i e d Cd chronic s tandard of 4.3 u g / L .
F i g u r e 3-5 is a p l o t of percentage of d i s so lved Cd relat ive to the S t a t e hardnessa d j u s t e d chronic t a b l e s tandards. T a b l e s t andard s protect the d e s i g n a t e d use forthe Blue River and F r e n c h Creek above the W-O site. T h i s p l o t shows that allthe F r e n c h Creek s a m p l i n g sites downstream of the W-O site exceeded S t a t echronic table s tandard s by several orders of magni tude . The Blue Rivers a m p l i n g sites below the conf luence with F r e n c h Creek (BR-2) werea p p r o x i m a t e l y f o u r t imes th e Sta t e hardness a d j u s t e d chronic t a b l e s t a n d a r d sd u r i n g l ow f l o w s and twice th e s t andard s dur ing h i g h f l o w c ond i t i on s . In contrast,the F G - 7 and F G - 9 F r e n c h Creek s a m p l i n g sites had the i r greatest percentagerelat ive t o t a b l e s t a n d a r d s dur ing h igh f l o w c ond i t i on s (Figure 3-5).
F i g u r e 3-6 is a p l o t of relative percentage of d i s s o l v e d Cd to the S t a t e hardnessa d j u s t e d acute t a b l e s tandards. The acute Cd t a b l e s t a n d a r d s were on lyexceeded in the two 1996 h i g h f l o w - s a m p l i n g events at the F G - 7 s a m p l i n g site.The other s a m p l i n g events at FG-7 and all the other sites on F r e n c h Creek andthe Blue River did not exceed the S t a t e hardness a d j u s t e d acute s tandard s .
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3.4.1 b Zinc
F i g u r e 3-7 is a p l o t of d i s s o lv ed Zn concentrations with the F r e n c h Creek andBlue River m o d i f i e d chronic standards. T h i s p l o t shows low concentrationsabove the W-O site (FG-5), above the c o n f l u e n c e on the Blue River ( B R - 1 ) , anda few miles downstream of the French Creek conf luence on the Blue River (BR-3). The d i s s o lv ed Zn concentrations in F r e n c h Creek at FG-5 ranged from 10ug/L to 109 ug/L dur ing seven s a m p l i n g events. Zn concentrations on the BlueRiver above the c o n f l u e n c e with F r e n c h Creek (BR-1) ranged f r o m 7 ug/L to 60ug/L dur ing eight s a m p l i n g events. Downstream of the W-O site, the FrenchCreek FG-7 s a m p l i n g site ranged f rom 2,127 ug/L to 9,300 ug/L. All o f the FG-7s a m p l i n g events exceeded the French Creek m o d i f i e d chronic standard for Zn of1,980 ug/L. F u r t h e r downstream from the FG-7, the FG-9 site exceeded them o d i f i e d s tandard in f iv e out of eight s a m p l i n g events with the remaining threeevents very close to the s tandard. Below the F r e n c h Creek c on f lu enc e (BR-2),the Blue River dis solved Zn concentrations ranged f rom 367 ug/L to 4,200 ug/LF o u r out of e ight s a m p l i n g events at th i s site exceeded the S t a t e m o d i f i e dchronic standard of 1,700 ug/L.
F i g u r e 3-8 is a p l o t of relative percentage of d i s s o lv ed Zn concentrations to theS t a t e hardnes s a d j u s t e d chronic t a b l e s t andard s f or Zn. As pr ev i ou s ly s ta ted,t a b l e s t a n d a r d s protect the de s ignated use for the stream. This p l o t shows thatall the F r e n c h Creek s a m p l i n g sites below the W-O site exceeded the chronics t andard s by several orders of magni tude . The upstream F r e n c h Creek FG-5site and the Blue River BR-1 site above the c o n f l u e n c e with F r e n c h Creek haveZn concentrations close to the Sta t e hardness a d j u s t e d chronic tab l e s tandard sfor Zn. The Blue River site BR-2 exceeds the chronic tab l e s t andard s by severalorders of m a g n i t u d e , wh i l e the downstream BR-3 site is at the s tandards d u r i n glow f l o w s and exceeds the chronic t ab l e s tandards at h igh f l o w s ( F i g u r e 3-8). Itis believed that the natural background concentration of Zn is h igh due to theregional g eo l ogy and historical mining activity throughout the area. T h i s is whythe BR-1 and FG-5 sites have Zn concentrations close to t a b l e s tandards .
F i g u r e 3-9 is a p l o t of re lat ive percentage of d i s s o lved Zn concentrations to theState hardness ad ju s t ed acute table s tandards. The acute toxici ty tab l es t andard s for Zn are very s i m i l a r to the chronic tox i c i ty t a b l e s tandards .Consequently, the State acute toxicity s tandards are exceeded by several ordersof m a g n i t u d e downstream of the W-O site on French Creek and on the BlueRiver ju s t below the conf luence with French Creek.
3.4.1 c Other M e t a l s
The other metals that were detected at elevated l eve l s in F r e n c h Creek and theBlue River are Pb, Fe, Mn, Cu, and Al. The concentration l eve l s for these me ta l sare u s u a l l y below S t a t e s tandards . The hardness a d j u s t e d chronic t a b l e
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s tandards for dissolved Pb was exceeded during several s a m p l i n g events in theF r e n c h Creek s a m p l i n g sites downstream of the W-O site (Figure 3-10).Dissolved Al concentrations exceeded the S t a t e chronic s tandard of 87 ug/Ld u r i n g one s a m p l i n g event at the F r e n c h Creek FG-7 site. The State ' s to talrecoverable Fe chronic s tandard of 1,000 u g / L was also on ly exceeded d u r i n gone s a m p l i n g event at the downstream Blue River BR-3 site wh i l e the others a m p l i n g sites had total Fe concentrations below the s t andard . The S t a t ed i s s o l v e d chronic s t a n d a r d s for Fe have not been exceeded d u r i n g the s a m p l i n gevents (Figure 3-11). The total recoverable Mn chronic s tandard of 1,000 u g / Lwas exceeded in two out of seven s a m p l i n g events at the French Creek FG-7site. The other sites had total recoverable Mn concentrations below thes t a n d a r d s . Cu had d i s s o l v e d concentrations c o n s i s t e n t l y less than S t a t e chronicand acute t ox i c i ty t a b l e s tandards .

3.4.2 Summary of NAWQA Data
I n 1991, t h e U . S . G e o l o g i c a l Survey began a N a t i o n a l W a t e r - Q u a l i t y Asses sment(NAWQA) program. The long-term goa l s o f the NAWQA program were todescribe the s tatus and trends in the q u a l i t y of a large , representative part of theU.S. sur fa c e and ground water resources and to i d e n t i f y the major natural andhuman fac t or s that a f f e c t the q u a l i t y o f these resources (Driver, 1994). Ina d d i t i o n to water q u a l i t y , th i s program also evaluates contaminants in b i o l o g i c a ltissue and streambed sediment. Seven sites in the U p p e r C o l o r a d o River Basinwere sampl ed by NAWQA to assess the occurrence and d i s t r i bu t i on ofcontaminant s in f i s h livers and bed sediment (Table 3-3). T h e s e sites haves i m i l a r g e o l o g y , c l imat e , and habitat (NAWQA, 1997b).

T a b l e 3-3N A W Q A U p p e r Colorado River Basin S a m p l i n g Locat ions
StreamS a m p l i n g S i t e Descr ip t i on
Blue Blue River below F r e n c h Creek near Breckenridge, CO ( s i m i l a r to EPA site

BR-2)BakerGoreEastG u n n 32UncomGunn T .

C o l o r a d o River below Baker G u l c h nearGore Creek at mouth near M i n f u r n , CO Grand Lake, CO
' East River below Cement Creek near Crested Butte, COr G u n n i s o n River at County Road 32 nearU n c o m p a h r e River near Ridgway, COG u n n i s o n River below G u n n i s o n T u n n e l

G u n n i s o n , CO
near Montrose , CO

The results of trace elements analys i s in the f i s h livers and bed sediment showleve l s of Cd to be h ighe s t on the Blue River below F r e n c h Creek as compared tothe other sites in the NAWQA study (Figure 3-12). The Cd concentration in beds ediment at the Blue River site is 11 parts per m i l l i o n (ppm). T h i s exceeds the
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p r o b a b l e e f f e c t level o f 3 .5 ppm (NAWQA, 1997b). Adver s e b i o l o g i c a lconsequences are pr ed i c t ed to occur f r e q u e n t l y at concentrations above theprobab l e e f f e c t levels . The Zn and Pb bed s ed iment s probab l e e f f e c t g u i d e l i n e swere also exceeded. The Zn g u i d e l i n e is 315 ppm and the Pb g u i d e l i n e is 91ppm. F i g u r e 3-13 is a p lo t of Cd, Zn, and Pb levels for bed sediment in FrenchG u l c h a t th e FG-9 s a m p l i n g site. The p r o b a b l e e f f e c t l e v e l s f or these me ta l swere al so exceeded at thi s site.
T h e r e are no ex i s t ing g u i d e l i n e s for metal concentrations in f i s h livers. Elevatedlevels for Cd, Zn and Pb in f i s h livers were observed (NAWQA, 1997b). F i g u r e 3-12 also shows the Cd concentrations in f i s h livers for the U p p e r C o l o r a d o RiverBasin s a m p l i n g locations.
The NAWQA water q u a l i t y stream s a m p l i n g sites f or F r e n c h Creek and the BlueRiver are l i s ted in T a b l e 3-4. Results of the 1996 high f l o w s a m p l i n g event forZn, Cd, Pb, and Mn are compared with the EPA resul t s in F i g u r e s 3-14 through3-20. Compari sons with S t a t e t ab l e value and m o d i f i e d s t a n d a r d s showeds i m i l a r pa t t erns to the historic EPA and CDPHE water q u a l i t y s a m p l i n g eventsp r e v i o u s l y di s cus s ed.
3.4.2a F r e n c h Creek
Above the Country Boy M i n e (TS-3°) and W-O sites, d i s s o lv ed Zn concentrationsin F r e n c h Creek were less than the S t a t e acute and chronic tab l e s t a n d a r d s andthe F r e n c h Creek m o d i f i e d chronic s tandard (Figure 3-14). The d i s s o lved Cdconcentrations were also less than the Sta t e chronic tab l e s t a n d a r d s and theFrench Creek m o d i f i e d chronic standard above the W-O site ( F i g u r e 3-15).Below the W-O mine si te, Cd and Zn d i s s o l v e d concentrations exceeded S t a t et a b l e s t andard s . The m o d i f i e d Cd chronic s tandard was also exceeded belowthe W-O site. Dis so lved Pb concentrations were c on s i s t en t ly lower than theS t a t e acute t a b l e value s tandards (Figure 3-16). The S t a t e chronic t a b l e Pbs tandards were s l i g h t l y exceeded at the FG-1° s a m p l i n g site above the W-O, ands a m p l i n g sites downstream f r o m F G - 7 ° ( F i g u r e 3-16). T h e F G - 1 ° site i s locatednear the Wire Patch Mine. For d i s s o lv ed Mn, the S t a t e chronic s t a n d a r d s werenot exceeded (Figure 3-17).
3.4.2bBlue River
Dissolved concentrations of Cd and Zn did not exceed the Blue River m o d i f i e dchronic s t a n d a r d s at any stream sites d u r i n g the 1996 NAWQA and EPA h i g hf l o w s a m p l i n g events ( F i g u r e s 3-18 and 3-19). Above the c o n f l u e n c e with F r e n c hCreek, d i s s o l v e d Zn concentrations in the Blue River were less than the Sta t eacute and chronic tab l e s tandards (Figure 3-18). The d i s s o lv ed Cdconcentrations were also less than the State chronic tab l e s tandards above theFrench Creek c on f lu enc e (Figure 3-19). Below the c o n f l u e n c e , d i s s o lv ed Zn
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T a b l e 3-4NAWQA F r e n c h Creek and Blue River S a m p l i n g S i t e s
A G SDesignatedN A W Q AStreamS a m p l i n gSi t e s
F G - 0 °

F G - 1 °

T S - 3 f f

TS"-4tf

F G - 7 °

F G - 9 °

BR-1°

BR-2°

BR-4°

N A W Q ADesignatedStream S a m p l i n g S i t e s( I D # )

F R E N C H G U L C H A B VF A R N C O M B H I L L
(392838105572900)
F R E N C H G U L C H ABOVER I C H G U L C H N R L I N C O L N ,
CO
(392908105583600)
F R E N C H G U L C H A TC O U N T R Y B O Y M I N E
(392855106005200)
F R E N C H G U L C H B L W F O R D
G U L C H
(392849106011500)
F R E N C H G U L C H A B VG I B S O N G U L C H
(392907106013900)

F R E N C H G U L C H A T
BRECKENRIDGE, CO
(9046530)
B L U E R I V E R A T A D A M S S T
AT B R E C K E N R I D G E , CO
(392846106024600)
B L U E R I V E R BELOW
F R E N C H G U L C H N RBRECKENRIDGE, CO
(392947106024500)
B L U E R I V E R N E A R " D I L L O N ,
CO.
(9046600)

EPAEquiva l en tStreamS a m p l i n gS i t e s
F G - O

F G - 1

N o n e

N o n e

F G - 7

F G - 9

BR-1

BR-2

BR-4

Description

F r e n c h Creek aboveF a r n c o m b H i l l , over 2.25mile s up s tr eam of W-O siteF r e n c h Creek above RichG u l c h near L i n c o l n , CO,over 1.25 mi l e s ups tream ofW-O site.F r e n c h Creek at CountryBoy M i n e , j u s t below road toCountry BoyF r e n c h Creek below F o r dG u l c h , a p p r o x i m a t e l y 0.25mile s downstream of W-Omine siteF r e n c h Creek above G i b s o nG u l c h , over 0.6 mile sdownstream of W-O minesite, a p p r o x i m a t e l y 100meters up s t r eam of EPAs a m p l i n g site F G - 7F r e n c h Creek j u s t up s tr eamof c o n f l u e n c e with BlueRiver, s i m i l a r to EPAs a m p l i n g site F G - 9Blue River at A d a m s Stree tin Breckenridge, over 0.75m i l e s up s t r eam of F r e n c hCreek c o n f l u e n c eBlue River over 0.25 mile sdownstream f r o m F r e n c hCreek c on f lu enc e .
Blue River near SwanM o u n t a i n road be fore it f l o w sinto Dil lon Reservoir
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concentrations exceeded the Sta t e t a b l e s tandard s . The S t a t e Cd chronic t ab l estandard was also exceeded from the French Creek confluence to s a m p l i n g siteBR-3. Dis so lved Pb concentrations were c on s i s t en t ly lower than the S t a t e acuteand chronic t a b l e s t andard s . The S t a t e Mn chronic s tandard of 50 u g / L wasexceeded at s a m p l i n g sites BR-2 and BR-2° (Figure 3-20).

3.4.3 Summary of Breckenridge S a n i t a t i o n Dis tr i c t Data
In May of 1997, AGS received a d i g i t a l copy of the Blue River water q u a l i t y datathat was c o m p i l e d by the Breckenridge S a n i t a t i o n District (BSD) from 1986 to1994 (BSD, 1997). The EPA requested that AGS integrate the BSD data withthe EPA water q u a l i t y data. The BSD Blue River stream sites are summarizedwith the EPA sites in T a b l e 3-6. Ground-water monitoring wel l s were locatedwest of the Blue River between Cemetery Road and County Road #3 in thev i c in i ty of the "Airport" site (Figure 3-21). The "Airport" site is a p p r o x i m a t e l y % to1 mi l e downstream of the c o n f l u e n c e with F r e n c h Creek. The purpo s e of theBSD water q u a l i t y s tudy was to evaluate the impact of wastewater s l u d g e landa p p l i c a t i o n .

T a b l e 3-6Environmental Protect ion Agency ( E P A )andBreckenridge S a n i t a t i o n District ( B S D )Blue River Stream S a m p l i n g Si t e s
StreamS a m p l i n g S i t e
BR-1
BR-2
River #0
River #1
River #2
BR-3
BR-4

Descr ip t ion
EPA site a p p r o x i m a t e l y 50 f e e t up s tr eam f r o m the c o n f l u e n c e with F r e n c hCreekEPA site a p p r o x i m a t e l y 115 f e e t downstream f r o m the c o n f l u e n c e withFrench CreekBSD site at Rec. Center Bridge, a p p r o x i m a t e l y 600 f e e t downstream fromthe c o n f l u e n c e with French CreekBSD site at Cemetery Road, a p p r o x i m a t e l y 1,040 f e e t downstream f r o m thec o n f l u e n c e with French CreekBSD site at County Road, a p p r o x i m a t e l y 6,500 f e e t downstream f r o m thec on f lu enc e with French CreekEPA site at T i g e r Run Resort, a p p r o x i m a t e l y 17,400 f e e t downstream fromthe c o n f l u e n c e with French Creekr EPA site a p p r o x i m a t e l y 17,600 fee t downstream from the confluence withF r e n c h Creek, 65 f e e t ups tream of the c o n f l u e n c e with Swan River
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The BSD water q u a l i t y data i n c l u d e d ni trogen species (ammonia , ni trate , organic ,a n d t o t a l ) , p H , t o ta l p h o s p h o r o u s , a n d selected d i s s o l v e d me ta l s ( A l , C d , C u , P b ,Ni, and Zn). Except f or Zn, th e detec t ion l i m i t s f or th e me ta l s were above theobserved EPA concentrations for the Blue River. C o n s e q u e n t l y , o n l y the BSD Znconcentrations could be used to compare with the EPA Blue River water q u a l i t ydata. The BSD stream sites provided a d d i t i o n a l coverage between the EPA BR-2 and BR-3 stream sites, a crucial impac t ed segment of the Blue River below thec o n f l u e n c e with F r e n c h Creek and above the "rockpile" where most of the BlueRiver sur fa c e f l o w d i s a p p e a r s . F i g u r e s 3-22, 3-23, and 3-24 are p l o t s of EPAand BSD d i s s o l v e d Zn concentrations with d i s tance downstream from F r e n c hCreek d u r i n g low f l o w s a m p l i n g events. S e p t e m b e r 1992, October 1993, andA u g u s t 1994 were the o n l y per iod s in which the BSD and EPA s a m p l i n g eventscorre sponded with s i m i l a r f l o w condi t ions . In S e p t e m b e r o f 1992, betweenCemetery Road, j u s t below the c o n f l u e n c e with F r e n c h Creek, and County Road#3, the d i s s o lv ed Zn concentrations decreased f rom over 2,000 ug/L to 210 ug/L( F i g u r e 3-22). A s i m i l a r decrease was observed in the October 1993 and A u g u s t1994 s a m p l i n g events ( F i g u r e s 3-23 and 3-24). The Zn concentrat ions in t h i ssegment were above S t a t e hardness a d j u s t e d chronic s t andard s . A s i g n i f i c a n tincrease in f l o w on the Blue River between Cemetery Road and County Road #3was observed d u r i n g f i s h shocking activities. T h i s increase in f l o w wasa t t r i bu t ed to a west-bank ground-water fed tributary. The tr ibu tary was observedto have an abundant f i s h p o p u l a t i o n . Bill S c h r o e d e r f r om the EPA Region 8 Labes t imated that the t r i bu tary might contribute f r o m o n e - f i f t h to one- four th of theobserved Blue River f l o w ( S c h r o e d e r , pers. comm., 1997). T h e r e was no f l o wmeasurements conducted in t h i s area. Below the "rockpile" and j u s t above thec o n f l u e n c e with the Swan River, the Blue River d i s s o lv ed Zn concentrations werec o n s i s t e n t l y below S t a t e chronic s t andard s ( F i g u r e s 3-22, 3-23 and 3-24). Ita p p e a r s that the d i l u t i o n f r om clean ground-water i n f l o w to the Blue River may ber e s p o n s i b l e for a s i g n i f i c a n t por t i on of the decrease in Zn concentrations.
Stream d i s charge rates are only a v a i l a b l e for the EPA data (Figure 3-25). TheEPA total f l o w measurements snowed that there were s i g n i f i c a n t increases in theBlue River stream f l o w between the F r e n c h Creek c o n f l u e n c e (BR-2) and EPAstream site BR-3. As p r e v i o u s l y d i s cu s s ed , these f l o w increases were p r o b a b l ydue to ground-water i n f l o w s . Multiplying the stream di s charge by Znconcentration re sul t s in total Zn l o a d i n g associated with each s a m p l i n g site(Figure 3-26). The Blue River stream segment between BR-2 and BR-3c o n s i s t e n t l y d i s p l a y e d decreases in total Zn l o a d i n g . T h e s e decreases cannot bee x p l a i n e d by ground-water d i l u t i o n . The l o a d i n g decreases may be due tonatural a t t enua t i on a n d / o r l o a d i n g increases associated with the ground-waterf l o w at the BR-3 Blue River site. Most of the s u r fa c e f l o w d i s a p p e a r s in the"rockpile" above the BR-3 site. It is p o s s i b l e that some of the metal l a d e n sur facewaters that f l o w s into the "rockpile" is not d a y l i g h t i n g at the Blue River site BR-3,but remains as sub sur face or ground-water f l o w . In a d d i t i o n , geochemicalprocesses in the "rockpile" and associated ground-water f l o w may result in the
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p r e c i p i t a t i o n of me ta l s , i n c l u d i n g Zn. This is commonly referred to as naturala t t enuat ion.
F i g u r e s 3-27 and 3-28 show h i g h and low f l o w (May and S e p t e m b e r ) ground-water d i s s o l v e d Zn concentrations for the 1992 BSD data. As p r e v i o u s l ymentioned, the BSD data did not inc lude f l o w measurements. The low Znconcentrations in the most d i s tant western moni tor ing we l l s to the Blue Riveri m p l i e s that the ground-water on the west side of the Blue River v a l l e y wasr e l a t i v e l y clean compared to the instream Blue River concentrations. The h i g h Znconcentrations at moni tor ing we l l s #6 and #7 suggest minimal mix ing in t h i s areawith clean ground-water. In contrast, the upstream monitoring well #3, which isr e l a t i v e l y close to the Blue River, had low Zn concentrations s u g g e s t i n g that th i sarea is being i n f l u e n c e by clean ground-water. The greater decrease in Znconcentrations between the River sites #1 and #2 in low f l o w condi t ions suggestthat a r e l a t i v e l y constant clean ground-water f l o w to the river have greaterd i l u t i o n i n f l u e n c e d u r i n g l ow stream f l o w s .
F i g u r e s 3-29 and 3-30 are p l o t s of the seasonal variations in d i s s o l v e d Znconcentrations for BSD Blue River sites #0 (Rec. Center Bridge) and #2 (CountyRoad #3). The range in seasonal f l o w s for the Blue River below the c on f lu enc ewith F r e n c h Creek was f r o m less than 10 cubic f e e t per second (cfs) to over 200cfs ( F i g u r e 3-25). Dissolved Zn concentrations in the Blue River ju s t below thec o n f l u e n c e with French Creek varied f rom a p p r o x i m a t e l y 500 ug/L d u r i n g h i g hf l o w c ond i t i on s t o above 2,000 ug/L d u r i n g l ow f l o w c ond i t i on s (Figure 3-29). Incontrast, the downstream BSD Blue River s a m p l i n g site at County Road #3 hadits h i g h e r seasonal Zn concentrations, over 350 ug/L, associated with h i g h f l o wc ond i t i on s whi l e the lower concentrations, below 200 ug/L, corresponded to lowf l o w condi t ions . T h e s e variations between s a m p l i n g sites could be e x p l a i n e d by ar e l a t i v e l y constant clean ground-water i n f l o w that has greater d i l u t i o n i n f l u e n c edur ing low f l o w conditions. Based on the observed reduction in Znconcentrations and as suming the reduction was due to d i l u t i o n , the m a g n i t u d e ofground-water f l o w in the Blue River a l l u v i a l v a l l e y and p l a c e r material could begreater than 100 c f s . As pr ev i ou s ly d i s cus s ed, ground-water i n f l o w in thissegment of the Blue River has been documented by Bill Schroeder d u r i n g f i s hshocking activit ie s in 1997 (Schro ed er , pers. comm., 1997). The s i g n i f i c a n tground-water f l o w with it s p o s s i b l e associated metal a t t enuat ion capaci ty mayalso e x p l a i n the reduct ion in downstream Blue River zinc l o a d i n g ( F i g u r e 3-26).
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3 .5 W e l l i n g t o n - O r o M i n e and Mil l S i t e Ground-Water Q u a l i t y
Ground and W-O mine pool waters in the v i c i n i t y of the mine site have metal ands u l f a t e concentrat ions much h igher than the stream waters. Eigh t ground-water-moni tor ing w e l l s were initially d r i l l e d at the site in 1991. A d d i t i o n a l w e l l s wered r i l l e d in 1993, 1994, and 1996. Two of the w e l l s d r i l l e d in 1996 ( M W - 1 9 andM W - 2 0 ) were f u n d e d by the EPA H e a d w a t e r s Grant to the C o l o r a d o Divi s i on ofM i n e r a l s and G e o l o g y (DMG). M o n i t o r i n g wel l MW-20 was d r i l l e d as abackground a l l u v i u m moni tor ing well on the south s ide of French G u l c h v a l l e ydowngradi ent f r o m the W-O site. MW-19 was d r i l l e d for the p u r p o s e ofc o m p l e t i n g a well in the a l l u v i u m , B u l l h i d e Fault , and f rac tur ed shale bedrock.MW-19 was c o m p l e t e d with a continuous s lo t t ed l i n e r for d e t e r m i n i n g f l o wdir e c t i on s and rates between the h y d r o l o g i c units us ing borehole g e o p h y s i c a lmethods. The BOR d r i l l e d seven w e l l s and soil borings in 1996. Theabbreviated d e s i g n a t i o n s for the BOR w e l l s and soil borings are EXO-1, EXO-2,WRO-1, WRO-2, WTU-1, WTU-2, and W T L - 2 . T a b l e 3-6 summarizes themoni t or ing well c o m p l e t i o n intervals. The wel l l o ca t i on s are p l o t t e d on F i g u r e 3-2. D i f f e r e n t p r e f i x e s have been used in the past to d e s i g n a t e the moni tor ingw e l l s . For cons i s t ency, with the except ion of the BOR w e l l s and soil bor ings , t h i sreport uses the (MW) p r e f i x to des ignate ground-water-monitoring well s . The pre-1994 well c o m p l e t i o n s at the site commonly i n c l u d e d two inch d iameter PVC wellcasing with at least two s eparate f i v e or ten f o o t screens. Most of the (MW)m o n i t o r i n g w e l l s were s a m p l e d in water q u a l i t y s tud i e s conducted in 1993, 1994,and 1996 (EPA, 1993b, 1994, 1996a and 1996b). Multiple screened in t erva l swere u s u a l l y not i solated d u r i n g s a m p l i n g , a l t h o u g h metal concentrations werecommonly h igher in water s ampl e s f r o m the u p p e r a l luv ia l - s c r e ened in t erva l swhen i s o la t ed in moni tor ing w e l l s MW-6, MW-7, and MW-8. The moni tor ing w e l l sthat had screened int erval s i so lated with a packer system d u r i n g s a m p l i n g werede s igna t ed by u p p e r (U) or lower (L) screened interval with the ir we j l number.
During th e J u n e 1996 s a m p l i n g event, th e USGS NAWQA program, incoord inat ion with the EPA and DMG, s a m p l e d and analyzed f i v e ground-watermoni t or ing w e l l s ( M W - 2 , M W - 1 2 , M W - 1 3 , M W - 1 5 , and M W - 2 0 ) , three ground-water seeps (KDS, 1121, and FG-6C), and the Oro M i n e Shaft (ORO-1).A p p e n d i x 3-3 is a c o m p i l a t i o n of water q u a l i t y da ta f r om the m o n i t o r i n g w e l l ssince 1992. F i g u r e s 3-31 through 3-36 are p l o t s of pH, total recoverable metalconcentrations (Zn, Cd, Fe, Pbg , and Mn) and s u l f a t e concentrations f o rs a m p l i n g events since 1993. The s e p l o t s i n c l u d e moni t or ing w e l l s and seepssegregated by the f o l l o w i n g c l a s s i f i c a t i o n s :• clean background w e l l s ,• contaminated a l l u v i a l w e l l s ,• contaminated m u l t i p l e screened a l l u v i a l and bedrock w e l l s ,

• contaminated bedrock w e l l s ,• contaminated seeps and roaster f i n e s , and• contaminated mine pool water.
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T a b l e 3-6Summary of Ground-water M o n i t o r i n g W e l l s
W e l l

MW-1
MW-2

MW-3

MW-4

MW-5*

MW-6*

MW-7

MW-8*

MW-9
M W - 1 1

MW-1 2
MW-1 3

MW-1 4

T o pA l l u v i u m(ft belowsur fac e)
6

22

6

7

5

25

12

5

17
10

N P
13

2.5

T o pBedrock(ft belows u r f a c e )42 ( c l a y )44 ( s h a l e )41 ( p o r p h y r y )

53 ( s h a l e )

55 ( c l a y )56 ( s h a l e )
52 ( s h a l e )

40 ( c l a y )42 ( s h a l e )

50 ( p o r p h y r y )

43 ( s h a l e )

51 ( c l a y )52 ( s h a l e )29 ( s h a l e )

10 ( p o r p h y r y )
28 ( s h a l e )

38 ( s h a l e )101 ( p o r p h y r y )

TotalD e p t h(ft belowsurface)
50

47.5

55

64

55

54

52

"-46——

" 54.5
43

46
47

278

ScreenedI n t e r v a l s(ft belows ur fa c e)
22-27 ( 5 ' )
33-43(10)
37-47(10)

1 5 - 2 5 ( 1 0 ' )
45-50 ( 5 1 )

2 0 - 3 0 ( 1 0 ' )
46-51 ( 5 1 )
58-63 ( 5 ' )

2 0 - 3 0 ( 1 0 ' )
50-55 ( 5 ' )

3 4 - 4 4 ( 1 0 ' )
49-54 ( 5 ' )

1 8 - 2 3 ( 5 ' )
3 8 - 4 8 ( 1 0 ' )
15-20 ( 5 ' j

3 5 - 4 5 ( 1 0 ' )
4 3 - 5 3 ( 1 0 ' )
23-28 ( 5 ' j

3 8 - 4 6 ( 1 0 ' )
4CM5 ( 5 ' j

3 6 - 4 6 ( 1 0 ' )

2 6 8 - 2 7 8 ( 1 0 ' )

Comments

contaminated a l l u v i a l wellat mine sitecontaminated a l l u v i a l andp o r p h y r y well below mil lt a i l i n g s , d owngrad i en t o fmine sitecontaminated a l l u v i a l wellbelow m i l l t a i l i n g s ,downgradient mine siteand B u l l h i d e Faultcontaminated a l l u v i a l andsha l e bedrock well at minesitecontaminated a l l u v i a l andshale bedrock welldowngradi en t of mine siteand near B u l l h i d e Faulti contaminated a l l u v i a l andshale bedrock well belowm i l l t a i l i n g s , downgrad i en tmine site, and near: B u l l h i d e F a u l t; contaminated a l l u v i a l welldowngradient mine site; and mil l t a i l i n g s; contaminated a l l u v i a l we l fi downgrad i en t roaster f i n e si and near 11 -10 Fault; clean a l l u v i a l well: u p g r a d i e n t mine site: clean a l l u v i a l and sha l ei bedrock well u p g r a d i e n ti mine site: clean p o r p h y r y bedrockj well u p g r a d i e n t mine site| contaminated shale: bedrock well below roasteri f i n e s and mine waste, neari 11 -10 Faulti clean 11-10 Fault we l lj u p g r a d i e n t mine site

43American Geological Services, Inc.



F i n a l H y d r o g e o l o g i c ReportW e l l i n g t o n - O r o M i n e a n d M i l l S i t eMay 1999
T a b l e 3-6 continued

W e l l

M W - 1 5

M W - 1 6

MW-17 "

M W - 1 8

M W - 1 9

MW-20

M S R W -
3

EXO-1
EXO-2

WRO-1*
WRO-2*
W T U - 1 *
W T U - 2 *

W T L - 2
SBRF-3*

T o pA l l u v i u m(ft belowsurface)
3

P

9

7

8

0

0

N P
N P

14.5?
14.2?

N P
N P
N P
N P

T o pBedrock(ft belowsurface)15 ( s h a l e )

46.5( p o r p h y r y )70 ( s h a l e )
55 ( p o r p h y r y )70 ( s h a l e )

39 ( s h a l e )

51 ( s h a l e )

20 ( p o r p h y r y )

45 ( s h a l e )

N A
10.2? ( s h a l e )

N A
N A
N A
N A
N A
N A

T o t a lD e p t h(ft belowsurface)
46

91

93

r 43

110

50

110

13.6
10.2
18.1
16.6

r 13.5r 8.0
19.5
13

ScreenedI n t e r v a l s(ft belowsurface)
3 6 - 4 6 ( 1 0 ' )

71-91 ( 2 0 ' )

70-90 ( 2 0 ' ) '

20-40 ( 2 0 ' ) '

3 0 - 1 1 0 ( 8 0 ' )

1 5 - 2 5 ( 1 0 ' )

68-110

7.8-12.8
4.7-9.7

14.1-18.1
6.7-11.7
10.5-13.5
3.6-8.0

14.1-19.1
N A

Comments

clean sha l e bedrock w e l l ,south s ide v a l l e y , east ofCountry Boy M i n econtaminat ed shalebedrock well at mine site,observation well d u r i n g1994 a q u i f e r te s t scontaminated s h a l ebedrock well at mine si te,p u m p well d u r i n g 1994a q u i f e r t e s t scontaminated a l l u v i a lwell at mine site, p u m pwell d u r i n g 1994 a q u i f e rtestscontaminated a l l u v i a l ,B u l l h i d e F a u l t , a n dbedrock wellclean a l l u v i a l well southside v a l l e y , downgrad i en tmine siter e l i e f we l l for #3 M i n eS h a f t , open ho l ec o m p l e t i o n using washedrock, mine stope or cave-in p o s s i b l e below 97 f e e tX 1 0 U 8 mine waste soilbor ingX 1 0 U 8 mine waste soilboringcontaminated roasterf i n e s / a l l u v i a l wellcontaminated roasterf i n e s wellnorth m i l l t a i l i n g s wellnorth m i l l t a i l i n g s wellcontaminated south m i l lt a i l i n g s wellsoil boring in roasterf i n e s , 2" PVC p i p e openat total d e p t h
NP - not presentNA - not a p p l i c a b l e* - p l u g g e d a n d / o r abandoned d u r i n g Fall 1998 sur face waste c l e a n u p pro j e c t
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Dissolved and total recoverable metal concentrations were u s u a l l y very s imi larwith the ex c ep t i on of Pb and o c c a s i o n a l l y Fe and Mn that had lower d i s s o lv edconcentrat ions.
3.5.1 C l e a n Background M o n i t o r i n g W e l l s

The clean background w e l l s were M W - 9 , M W - 1 1 , M W - 1 2 , M W - 1 4 , M W - 1 5 , andMW-20 ( F i g u r e s 31 a through 31 g). Moni t or ing wel l s MW-9 ( a l l u v i u m ) , MW-11( s h a l e bedrock and a l l u v i u m ) , M W - 1 2 ( p o r p h y r y bedrock), and M W - 1 4 (11-10Fault) were i m m e d i a t e l y u p g r a d i e n t of the W-O site (Figure 3-2). The M W - 1 5s ha l e bedrock well was u p g r a d i e n t of the W-O site and located on the south sideof the F r e n c h G u l c h v a l l e y , east of the Country Boy Mine . MW-20 ( a l l u v i u m andp o r p h y r y bedrock) was downgradi en t of the W-O site and located i m m e d i a t e l ysouth of F r e n c h Creek. The d e ep 11-10 Fault moni tor ing w e l l , M W - 1 4 , wasd r i l l e d with a polymer-based fluid that p l u g g e d the well screen and resulted in lowmetal and s u l f a t e concentrations d u r i n g i n i t i a l water q u a l i t y s tudies . As t h i s wellhas been purged and deve l oped dur ing m u l t i p l e s a m p l i n g events, the metal ands u l f a t e concentrations have increased, but the concentrations have remainedr e l a t i v e l y low and are considered clean background ground-water. W i t h the sixs a m p l i n g events conducted in 1996 and 1997 between the EPA and s tablei s o t ope s t u d i e s , it is believed that the concentrations have s tab i l i z ed in MW-14and the well has been compl e t e ly d ev e l op ed .
Discoun t ing the 1993 and 1994 concentrations in MW-14 when the well screenwas p l u g g e d with the polymer-based dr i l l ing f lu id , the ranges o f backgroundconcentrations for all the clean background w e l l s are:

• 33 u g / L to 5,278 u g / L for Zn,• below laboratory detec t ion l i m i t s to 28 ug/L for Cd,• 0.2 m g / L to 16.6 mg/L for Fe,• 0.03 m g / L to 5.2 m g / L for Mn,
• 0.05 u g / L to 47.4 u g / L for Pb, and• 16.7 m g / L to 560 m g / L for s u l f a t e (SO 4 ).

The background monitor ing w e l l s had near neutral waters with pH values thatranged f r o m 6.5 to 7.8 s tandard units (s.u). The h i g h s u l f a t e concentrations wereassociated with the 11-10 Fault well while the h i g h metal concentrations wereassociated with the bedrock a n d / o r 11-10 Fault we l l s .
3.5.2 M i n e Pool

The W e l l i n g t o n - O r o and Country Boy mine pool waters were not analyzed ins a m p l i n g events prior to 1996. T h i s d i s cu s s i on presents the re sul t s of the 1996s a m p l i n g events. The W-O mine waters were also s a m p l e d d u r i n gcharacterization s tud i e s in 1997 and 1998. The re sul t s f r om these s tud i e s are
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reviewed in section 7 of th i s report. S e l e c t e d metal s ( Z n , Cd, and Fe) for the W-O mine pool waters were also analyzed d u r i n g s tab l e i s o t op e tracer s t u d i e s in1996 and 1997 (RAS, 1996a, 1996b, 1997a, and 1997b). The r e su l t s f r o m theses t ud i e s are discussed in section 5 of t h i s report.
The County Boy mine is located due south of the W-O site on the south s ide ofthe F r e n c h G u l c h v a l l e y ( F i g u r e s 3-1 and 3-2). The Country Boy mine pools a m p l e came f r o m a discrete adit d i s charge at the main mine p o r t a l . T h i sd i s c h a r g e f l o w s to a wet land area i m m e d i a t e l y northwest of the Country Boy ande v e n t u a l l y drains into F r e n c h Creek.
The W-O mine pool has been sampl ed at two d i f f e r e n t l o ca t i on s; the #3 M i n es h a f t r e l i e f wel l (MSRW-3) and the Oro M i n e s h a f t (ORO-1). The #3 M i n e s h a f thas a d e p t h f r o m sur fac e of 110 f e e t and intersects a mine level that was notd i r e c t l y connected to the main Oro l eve l s (Figure 3-37). The Oro M i n e s h a f t isover 600 f e e t in d e p t h and intersects seven mine l eve l s . The Oro Shaft wass a m p l e d with a ba i l er on a 100-foot l i n e or by the USGS NAWQA submers ib l ep u m p on a 100-foot hose and l ine . Water l e v e l s for the Oro M i n e s h a f t d u r i n gs a m p l i n g ranged f r o m 69 f e e t to 88 f e e t below surface .
The W-O mine pool waters were more ac id i c than the near neutral Country BoyM i n e water (Figure 3-32a). The u p p e r Oro Shaft mine pool had s l i g h t l y lower pHvalues than the #3 M i n e s h a f t r e l i e f well . M e t a l s and s u l f a t e concentrations forthe W-O mine pool s a m p l e s were orders of m a g n i t u d e greater than the CountryBoy concentrations (Figure 3-32a through 3-32g). This is p r o b a b l y due to thes i g n i f i c a n t l y greater amount of water that f l o w s through the W-O mine. W-Omine pool concentrations ranged from:

166,840 u g / L to 216,770 u g / L for Zn,278 u g / L to 651 u g / L for Cd,
76.8 m g / L to 175.7 m g / L for Fe,33.9 m g / L to 50.0 m g / L for Mn,
453.3 u g / L to 727.6 u g / L for Pb, and1,290 m g / L to 2,360 m g / L for s u l f a t e (SO 4 ).

The water q u a l i t y between the #3 M i n e r e l i e f well and the u p p e r p o r t i o n of theOro M i n e s h a f t varied. The concentrations were g e n e r a l l y higher in the #3 M i n er e l i e f w e l l , e s p e c i a l l y for Fe, Mn, and SO 4 ( F i g u r e s 3-32d, 3-32f, and 3-32g). Seesection 7 of t h i s report for f u r t h e r discussions on the W-O mine pool chemistry.
3.5.3 Contaminated A l l u v i a l M o n i t o r i n g W e l l s

The moni t or ing w e l l s that had screened i n t e r v a l ( s ) in p r e d o m i n a n t l y the a l l u v i a la q u i f e r were M W - 1 , MW-3, MW-7, MW-8, and M W - 6 U . Except for the MW-8UA u g u s t 1994 s a m p l i n g event and MW-7 water q u a l i t y r e su l t s , the pH, metalconcentrat ions , and s u l f a t e concentrations were s i m i l a r to the W-O mine pool
46American G e o l o g i c a l Service s , I n c .



sw N E
O R O S H A F T

S U R F A C E _____

#3

O R O L E V E L ( 1 ) 1 1 6 ' (9842

l l S r ORO L E V E L (2) 186'

RO L E V E L (3) 245'

ORO L E V E L (4) 323'

ORO L E V E L (5) 348'

ORO L E V E L (6) 472'

ORO L EVEL (7) 599'

M I N E l E V E i l l 3 E f i I i S i M E W i i R E ( l ) IROMsea
D R A F T E D B Y A M E R I C A N G E O I ^ G I C A I J S E F W I C E S ; I N CA F T E R L O V E R I N G (1934);

N O T T ^ S C A L E

47American G e o l o g i c a l Services , Inc.



F i n a l H y d r o g e o l o g i c ReportW e l l i n g t o n - O r o M i n e a n d M i l l S i t eMay 1999
(Figure 3-33a to 3-33g). The MW-8U A u g u s t 1994 concentrations were orders ofm a g n i t u d e greater than the W-O mine water and other contaminated a l l u v i a lmoni tor ing w e l l s and had s i g n i f i c a n t l y lower pH values. The MW-7concentrations were c o n s i s t e n t l y lower than the other contaminated a l l u v i a l w e l l sand mine water and had near neutral water.
MW-8 was lo ca t ed i m m e d i a t e l y downgrad i en t o f the roaster f i n e s (Fig. 3-2).D u r i n g remedial ac t iv i ty on the roaster f i n e s in the fall of 1998 th i s we l l wasp l u g g e d and abandoned. It i s believed that the h i g h A u g u s t 1994 concentrationsassociated with the upper-screened interval in MW-8 were be ing i n f l u e n c e d byleachate f r o m the roaster f i n e s . M o n i t o r i n g wel l MW-7 was the f u r t h e s tdowngrad i en t contaminated a l l u v i a l wel l f r o m the W-O site (Figure 3-2). Thelower concentrations associated with th i s well were believed to be due to d i l u t i o nwith clean a l l u v i a l ground-water and p o s s i b l y natural at tenuation. Subs equen tdirect f l o w measurements with a c o l l o i d a l borescope measured p r e f e r e n t i a l f l o wve loc i t i e s in the a l l u v i u m to be as h igh as 460 f ee t per day (see section 7 of th i sr epor t) . I n j e c t i o n of a tracer in the a l l u v i u m also sugges t ed s i g n i f i c a n t f l o w andd i l u t i o n associated with the a l l u v i a l ground-water (see section 4 of t h i s report).

3.5.4 Contaminated Bedrock M o n i t o r i n g W e l l s
The moni t or ing w e l l s that were comple t ed or s a m p l e d in the f rac tured shalebedrock were M W - 1 3 , M W - 1 6 , and M W - 6 L . The metal s concentrations for MW-16 and MW-6L were u s u a l l y lower than the mine pool waters, e s p e c i a l l y the minewater f r o m M S R W - 3 ( F i g u r e s 3-34b through 3-34f). Sul fa t e concentrations f o rthese w e l l s were comparab l e to the mine pool (Figure 3-34g). It is believed thatmine water is d i s c h a r g i n g into the frac tured bedrock in the area of thesemoni tor ing we l l s . It is p o s s i b l e that natural a t t enuat ion or re tardat ion of metal s isoccurring with f rac ture f l o w in the bedrock. Sulfate i s u s u a l l y conservative,cons equent ly the s u l f a t e concentrations in the bedrock remain s i m i l a r to the minewaters.
Zn, Cd, Mn, and SO4 concentrations were much h igher in MW-13 than the minep o o l . MW-13 had very low pH in the J u n e 1996 s a m p l i n g (Figure 3-34a). It wasbel ieved that the h i g h concentrations associated with MW-13 and low pH weredue to l eachate f r om the nearby roaster f i n e s and waste rock. The MW-13 Feconcentrations were lower than the mine pool wh i l e Pb concentrations weres i m i l a r to the mine poo l .

3.5.5 Contaminated A l l u v i a l and Bedrock M o n i t o r i n g W e l l s
The moni tor ing w e l l s that had m u l t i p l e screened int erval s in the a l l u v i a l a q u i f e rand bedrock were MW-2, MW-4, MW-5, and MW-6. Except for MW-2, thesew e l l s had m u l t i p l e screened interval s that had at least one screened interval inthe a l l u v i u m and shale bedrock (Table 3-6). MW-2 c o m p l e t i o n was a s i n g l escreen ten f e e t in l e n g t h that covered the base of the a l l u v i u m and top of the
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p o r p h y r y bedrock. The a l l u v i u m and bedrock w e l l s were very s i m i l a r in metaland s u l f a t e concentrations to the bedrock o n l y moni tor ing w e l l s ( M W - 1 6 andMW6L) ( F i g u r e s 3-35b t h r o u g h 3-35g). The pH values ind i ca t ed that these w e l l shad ground-water that ranged f r o m s l i g h t l y acidic to neutral ( F i g u r e 3-35a).

3.5.6 Ground-water S e e p s
There have been many seeps sampled in the vicinity of the W-O site, e s p e c i a l l yin the 1996 water q u a l i t y s tudies . The FG-6 and FG-6A t h r o u g h FG-6D siteswere associated with seeps along the south side of French G u l c h Roadi m m e d i a t e l y d o w n h i l l f r o m the W-O site (Figure 3-2). T h e s e seeps a p p e a r to f l o wat a fairly constant rate throughout the year. The 1121 and 1140 sites wereseeps at the base of p lac er t a i l i n g s p i l e s that f l o w d i r e c t l y into French Creek.T h e s e seeps were downstream from the W-O site. The MGB-1 was a seep inthe m i d d l e of M a g n u m Bonum Drive in the F r e n c h Creek subd iv i s i on over a mi l edownstream of the W-O site. The WP-1 site was a seep that on ly f l o w s d u r i n gpeak h igh f l o w condit ions. T h i s seep was located at the base of the main wastep i l e i m m e d i a t e l y north of French G u l c h Road and east of the roaster f ine s . TheKDS ( K e n n y Dog Spring) seep was located northwest of the W-O site. Based onm a p p i n g of the mine workings in the Levering ( 1 9 3 4 ) s tudy, it is believed that th i sseep originated f rom an old prospec t adit or tunnel along the B u l l h i d e Fault thatwas i so la t ed f rom the W-O workings.
Except for F G - 6 C and W P - 1 , the seeps had lower metal and s u l f a t econcentrations than the W-O mine pool ( F i g u r e s 3-36b through 3-36g). FG-6D,KDS, and MGB-1 had s i g n i f i c a n t l y lower concentrations. F G - 6 C hadconcentrations s l i g h t l y h igher than the W-O mine pool waters whi l e theconcentrations in the WP-1 seep had concentrations that were s i g n i f i c a n t l yh igh er than the W-O waters. F G - 6 C is the closest seep to the W-O #3 M i n e andthe B u l l h i d e Fault ( F i g u r e 3-2). The WP-1 concentrations were s imi lar to thesaturated p o r t i o n of the roaster f i n e s , which was s a m p l e d with the soil boringS B R F - 3 . The roaster f i n e s (SBRF-3) and WP-1 seep were s t rongly acidic whilemost of the other seeps were s l i g h t l y ac idic to neutral (Figure 3-36a).
3.6 F r e n c h G u i c h Domestic W e l l Water
In October of 1996, the C o l o r a d o Department o f P u b l i c Health and Environment(CDPHE) conducted domestic well s a m p l i n g in the French G u l c h area ( F i g u r e 3-38). This s a m p l i n g i d e n t i f i e d two residences in the Breckenridge H e i g h t ss u b d i v i s i o n (491 and 511 High P o i n t ) with h i g h l eve l s o f Mn (7,000-10,300 ug/L)( A p p e n d i x 3-4). T h e s e residences a l o n g with a d d i t i o n a l nearby BreckenridgeH e i g h t s domes t i c w e l l s were incorporated in the CDPHE April 1997 s a m p l i n gprogram (Table 3-7, F i g u r e 3-39). One of the April s a m p l i n g residences (531High P o i n t ) also had elevated l eve l s o f Cd (12 ug/L) and Pb (42 ug/L) in a d d i t i o n
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F i g u r e 3-38
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T a b l e 3-7C o l o r a d o Department o f P u b l i c Heal th and Environment F r e n c h G u l c h DomesticW e l l S a m p l e S i t e sApril 1997
S a m p l i n gS i t e
GW-01
G ' W - 1 4
GW-18
GW-19
GW-20
GW-21
GW-23

Descr ip t i on
3821 French G u l c h Road, background4 9 1 H i g h P o i n t ,5 1 1 H i g h P o i n t ,
451 High Point,
5 3 1 H i g h P o i n t ,621 High p o i n t ,471 High Point,

Breckenridge H e i g h t sBreckenridge H e i g h t sBreckenridge H e i g h t sBreckenridge H e i g h t s

upstream W-OS u b d i v i s i o nS u b d i v i s i o nS u b d i v i s i o nS u b d i v i s i o n

site

Breckenridge H e i g h t s S u b d i v i s i o nBreckenridge H e i g h t s S u b d i v i s i o n

to Mn (3,250 ug/L) prior to treatment. Thes e Cd and Pb levels exceeded dr ink ingwater s tandards.
J o h a n n a M i l l e r ( E P A Region V I I I ) requested that American G e o l o g i c a l Services(AGS) Inc. c ompi l e Mn data f rom "clean" background wel l s in the Wel l ing ton-Oro(W-O) mine and m i l l site area. The concern was that the elevated metal l eve l s inthe Breckenridge H e i g h t s domest ic w e l l s were o r i g i n a t i n g f r om the W-O site.AGS compi l ed metal data f r o m selected background moni tor ing w e l l s , W-O minewater, a mine water contaminated bedrock w e l l , and representative backgroundand mine contaminated stream sites. T h i s i n f o r m a t i o n was integrated with thelocal g e o l o g y to i n f e r the or igin of the Mn and other elevated ground-water metall eve l s in the Breckenridge H e i g h t s area. Based on the evaluation carried out byAGS, it was concluded that the domestic wel l s elevated metal levels are u n l i k e l yto or ig inate f r o m the W-O mine and mill complex.
The Breckenridge H e i g h t s subdivi s ion is located a p p r o x i m a t e l y % to 1 mile eastof the town of Breckenridge. T h i s area is approx imat e ly Yz mile west-southwestof the W-O site on the south side of the F r e n c h G u l c h a l l u v i a l va l l ey (Figure 3-38). The W-O site is located on the north side of F r e n c h G u l c h v a l l e y and F r e n c hCreek. Most of the well d e p t h s for the s a m p l e d domest ic we l l s were unknown,a l t h o u g h the well with the highest manganese concentrations (491 High P o i n t )had a reported d e p t h of 230 f e e t . It was assumed that most of the s a m p l e ddomes t i c w e l l s have d e p t h s s i m i l a r to the 491 High Point w e l l . The thickness ofthe a l l u v i a l material in the Breckenridge H e i g h t s was not determined in thi sevaluation, but based on experience in the area, it should be less than 50 f ee tth i ck , where present. T h e r e f o r e , the domest ic w e l l s are most l i k e l y c omple t ed inbedrock. A c c o r d i n g to USGS g e o l o g i c m a p p i n g by Levering (1934), the bedrockin the Breckenridge H e i g h t s area consists of the J u r a s s i c Morrison andCretaceous Dakota Format ions which are cut by a large Ter t iary quartzmonzonite porphyry body (Figure 3-39). The domes t i c w e l l s with elevated metal
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concentrat ions a p p e a r to be either associated with the contact between thep o r p h y r y and the Morri son F o r m a t i o n or with an east-west t r e n d i n g f a u l t systemthat cuts the Morri son and Dakota f o r m a t i o n s . T h i s f a u l t system may connectwith the major f a u l t s associated with the W-O u n d e r g r o u n d workings, which isa p p r o x i m a t e l y !4 mile northeast of the subd iv i s i on . The f a u l t system has thep o t e n t i a l to act as c o n d u i t s for contaminated W-O mine water to the s u b d i v i s i o n ' sbedrock a q u i f e r . Water l evel s were not a v a i l a b l e for the domes t i c we l l s .C o n s e q u e n t l y , h y d r a u l i c grad i en t s between the W-O mine and the domes t i c w e l l scould not be de t ermined.
T a b l e 3-8 is a summary of the s a m p l e sites used in th i s eva lua t i on ( F i g u r e s 3-1and 3-2). F i g u r e 3-40 is a p l o t of manganese (Mn) concentrations f rom selecteds a m p l i n g sites. The background or "clean" W-O m o n i t o r i n g w e l l s have Mnconcentrations that range f r o m 40 u g / L to over 5,000 u g / L . The large d i f f e r e n c ebetween total and d i s s o lv ed concentrations for M W - 1 5 is bel ieved to be due tothe well not being fully d e v e l o p e d . The W-O mine water has Mn concentrationsf r o m 40,000 to 50,000 u g / L . The Breckenridge H e i g h t s untreated dome s t i c w e l l sthat were s a m p l e d in April 1997 have Mn concentrations that ranged f r o m 3,250ug/L to 10,300 u g / L . T h r e e out of the f o u r untreated Breckenridge H e i g h t sdomes t i c w e l l s s a m p l e d in April 1997 exceeded the observed highe s tbackground moni tor ing well at the W-O site ( M W - 1 4 ) . M W - 1 4 is a d e e p 11-10Fault well c o m p l e t e d at 277 f e e t . The h i g h l evel s of Mn in t h i s well have beenattr ibuted to the natural minera l i za t i on associated with the 11-10 f a u l t zone andthe frac tured Cretaceous shal e in which the f a u l t cuts. The other backgroundmoni tor ing w e l l s have Mn concentrations less than 100 u g / L . The backgroundbedrock w e l l s ( M W - 1 2 and MW-20) are believed to have low Mn because thearea that they penetrated was not n a t u r a l l y mineral ized by f a u l t s or f rac turesystems. F i g u r e 3-41 is a p l o t of Zn concentrations. The background W-Om o n i t o r i n g w e l l s have Zn concentrations f r o m 30 u g / L to 5,000 u g / L . Znconcentrations for the W-O mine water ranged f r o m 100,000 to over 200,000ug/L. The h i g h background Zn concentration was also associated with the f a u l twell MW-14. The s a m p l e d Breckenridge H e i g h t s untreated well water had Znconcentrations that ranged f rom 525 u g / L to 1,910 u g / L which were within theobserved background in the v i c in i ty of the W-O site. F i g u r e 3-42 is a p l o t ofse lected metal concentrations for stream sites a l ong F r e n c h Creek and the f o u runtreated domes t i c w e l l s sampled in April of 1997. F r e n c h Creek site F G - 5represents the clean or background creek water ups tream of the W-O site wh i l eFG-7 is the downstream-contaminated stream site. T h e s e sites most l i k e l yr e f l e c t the a l l u v i a l ground-water associated with these locat ions . Fe is low in thestream sites due to ox ida t i on and r e s u l t i n g p r e c i p i t a t i o n of Fe hydrox id e s( y e l l o w b o y ) . All the Breckenridge H e i g h t s untreated w e l l s have h igher Mn andlower Zn concentrations than FG-7. Pb, Cd and Zn are low for the domes t i cw e l l s except f o r GW-20B (531 H i g h p o i n t ) .
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T a b l e 3-8Comparison S i t e sW e l l i n g t o n - O r o M i n e a n d M i l l S i t e
S a m p l i n g S i t e
M W - 1 2
M W - 1 4
M W - 1 5
M W - 1 6
MW-20
M S R W - 3
F G - 5
F G - 7

Descript ion
ground-water, background p o r p h y r y bedrock well u p g r a d i e n t mine siteground-water, background 11-10 Fault well u p g r a d i e n t mine siteground-water, background shale bedrock wel l , south s ide v a l l e y , eastof Country Boy Minemine water, contaminated sha l e bedrock well at #3 M i n e Shaft siteground-water, background a l l u v i a l well south side v a l l e y , downgrad i en tmine sitemine wafer, contaminated r e l i e f well for #3 M i n e Shaftstream water, background ups tream mine sitestream water, contaminated , downstream mine site

M a j o r ion chemistry can be used to i n f e r the origin of ground waters. F i g u r e 3-43is a p l o t of calcium ( C a ) concentrations for the Breckenridge H e i g h t s untreatedw e l l s and the W-O mine water. The mine water has concentrations that rangef r om nearly 400 m g / L to over 450 m g / L . The h i g h Ca is due to the mine workingsbeing associated with Cretaceous shales. The shales contain Ca-bearingminerals and rock type s that can release Ca into the sha l e and mine waters.T h i s is also evident in the MW-14 f a u l t well that had Ca concentrations of 590m g / L in the J u n e 1996 EPA s a m p l i n g . The Ca-rich mine waters also i n f l u e n c eF r e n c h Creek. U p s t r e a m of the W-O mine site Ca concentrations were around13 m g / L whi l e downstream the mine water contaminated stream site F G - 7 hadCa concentrations over 20 m g / L . The increase in Ca is due to the d i s charge ofCa-rich mine and ground waters into the stream. The untreated water associatedwith the domest ic w e l l s in Breckenridge H e i g h t s had Ca concentrations thatranged f rom 3.9 m g / L to 17.3 m g / L . Thes e low concentrations suggest minimali n f l u e n c e of Ca-rich mine and Cretaceous shale ground-water in theBreckenridge H e i g h t s domest ic we l l s .
The review of bedrock g e o l o g y in the area of Breckenridge H e i g h t s ind i ca t ed apotential pathway of W-O mine water via an east-west f a u l t system. Most of thedomes t i c w e l l s a p p e a r to be associated with the contact between intrusivep o r p h y r y and the J u r a s s i c Morrison F o r m a t i o n with the exception of 531 HighPoint well ( G W - 2 0 B ) which had the h i g h cadmium ( C d ) and lead ( P b )concentrations. This well may be associated with the f a u l t zone (Figure 3-39).W i t h the exception of Mn, other metals such as zinc in the domestic wells are lowin concentration compared to W-O mine water and associated downgradi en t-monitoring sites. The domestic wel l s are more s imilar to the backgroundmoni tor ing w e l l s in the v i c in i ty of the W-O c o m p l e x than the W-O contaminated
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sites. The lack of h i g h Ca in the Breckenridge H e i g h t s w e l l s i n d i c a t e s theabsence of Cretaceous sha l e bedrock and sugge s t s that the elevated l e v e l s ofMn, Cd and Pb is not related to the Ca-rich W-O mine waters. Mineral iza t ionassociated with contact me tamorphi sm a l o n g the intrusive p o r p h y r y and Morrisonf o r m a t i o n and w i t h i n the f a u l t zone was p r o b a b l y r e s p o n s i b l e for the h i g h l ev e l sof Mn, Cd and Pb in the ground-water associated with the Breckenridge H e i g h t sarea. M a p s f r o m Levering (1934) showed some p r o s p e c t i n g 3/8 of a mi l esouthwest of the subd iv i s i on . T h i s p r o s p e c t i n g could have been e x p l o r i n g theminera l i za t i on a l ong the p o r p h y r y contact. The Morrison F o r m a t i o n is not a goodhost for economic ore a c cumula t i on s , which may e x p l a i n the lack of p r o s p e c t i n gsuccess in the area and the low Zn and other metal concentrations in the localground-water.
3.7 Summary and Conc lu s i on s
S u r f a c e and ground water q u a l i t y s tud i e s have demonstrated that most of theheavy metal and s u l f a t e p o l l u t i o n to F r e n c h Creek and the Blue River have beenf r o m th e W e l l i n g t o n - O r o M i n e and Mil l c ompl ex . Thi s p o l l u t i o n ha s resulted in Znand Cd concentrations that exceed Stat e t a b l e value s t a n d a r d s in F r e n c h Creekand the Blue River. The i n f l u e n c e of French Creek heavy metal p o l l u t i o n on theBlue River has been observed for two to three mi l e s below the c on f luence . Otherme ta l s such as Pb, Mn, Fe, and Al have elevated concentrations in F r e n c h Creekand the Blue River and w i l l o c c a s i o n a l l y exceed water q u a l i t y s t andard s .
The ground-water in the v i c in i ty of the mine site and the W e l l i n g t o n - O r o minepoo l waters have metal and s u l f a t e concentrations much higher than the streamwaters. Two ground-water moni tor ing w e l l s , M W - 1 3 and M W - 8 U , had metalconcentrations much h i g h e r than mine pool waters and a p p e a r to be i n f l u e n c e dby leachate d i s c h a r g i n g f rom the surface roaster f i n e s and mine waste p i l e s .T h i s sugge s t s that a s i g n i f i c a n t amount of metal l o a d i n g f r o m the roaster f i n e sand mine waste is associated with ground-water d i s charge .
The contaminated a l l u v i u m monitoring w e l l s in the v i c in i ty of the mine site havemetal and s u l f a t e concentrations s i m i l a r to the W-O mine pool waters wh i l e thecontaminated bedrock w e l l s , shale and p o r p h y r y , had lower metal and s u l f a t econcentrations. T h i s i m p l i e s that a s i g n i f i c a n t amount of W-O mine pool water isd i s c h a r g i n g d i r e c t l y into the a l l u v i u m . A downgrad i en t contaminated a l l u v i u mmoni tor ing w e l l , MW-7, had lower concentrations than the contaminated w e l l snear the mine site. T h i s could be due to local clean ground-water f l o w in thea l l u v i a l a q u i f e r and p lac er t a i l i n g p i l e s d i l u t i n g the contaminated mine pool watersand p o s s i b l y causing natural at t enuat ion of metal s .
The elevated concentrations associated with downgradient seeps from the W-Osite, 1121 and 1140, sugges t that ground-water f l o w pathways can t ran spor t as i g n i f i c a n t amount o f meta l s and s u l f a t e . The FG-6 seeps a l o n g F r e n c h G u l c h
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Road were very s i m i l a r in water q u a l i t y to the W-O mine poo l . T h e s e seepsprobab ly represent a port ion of the mine water discharge into the ground-watersystem. The elevated metal s in domest ic water w e l l s south of F r e n c h Creeka p p e a r to originate f r om local mineralization associated with f a u l t s and contactme tamorph i sm and not f r om the W-O mine complex .
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4.0 Salt T r a c e r - I n j e c t i o n S t u d i e s
4.1 Abstrac t
In July of 1996, the U.S. Geological Survey (USGS) Toxic Substances HydrologyProgram conducted stream tracer-dilution, alluvial ground-water tracer, mine pooltracer, and synoptic sampling studies in the vicinity of the Wellington-Oro Minecomplex. This work was partially funded by an Environmental Protection AgencyRegion VIII Headwaters Grant to the State of Colorado Division of Minerals andGeology (DMG).
Hydrologic flow pathways and stream hydrologic properties were evaluated usingthree different salt tracer injections. A lithium chloride tracer in the upper portionof the Oro Shaft mine pool did not dilute and disperse, and was not detected atthe downgradient monitoring sites. This suggests that the mine pool in the Oroshaft is poorly mixed and there is not a direct hydrologic connection betweenupper Oro mineshaft and the #3 Mine Shaft or downgradient metal contaminatedalluvium and stream. It can be implied from these results that the lower minepool is the primary source of metals to French Creek and/or significant minewater flow is bypassing the upper portion of the Oro shaft. The sodium bromidetracer that was injected in an alluvial ground-water well was not detected in thedowngradient alluvial monitoring well or in the stream. It was assumed that thetracer was either diluted below detection limits before it reached the monitoringwell and stream or the tracer flow pathway did not intersect the monitoring welland stream. Variations in downstream French Creek discharge and metalconcentrations were quantified by applying a sodium chloride (common tablesalt) tracer and synoptic sampling to the stream. This study showed that up to30% of stream flow could be occurring in the streambed cobbles and gravels.This type of flow is referred to as transient and can not be measured byconventional flow meter methods. The instream tracer and synoptic samplingstudy was able to identify subreaches of French Creek where the majority ofmetal loading occurred. Significant inflow of metals was attributed to the 11-10and Bullhide faults as they crossed French Creek and metal contaminated seepsalong French Gulch Road downgradient of the mine site. It is believed that thesource of the contamination in the fault water and seeps is the Wellington-Oromine pool.

4.2 in troduc t i on
T h e historic d r e d g i n g o f French G u l c h f o r metal m i n i n g c o m p l e t e l y d i s r u p t e dF r e n c h Creek and i t s associated a l l u v i a l v a l l e y material r e s u l t i n g in large d r e d g et a i l i n g p i l e s covering the v a l l e y f l o o r . Thi s d r e d g i n g ac t iv i ty produced a veryc o m p l e x zone of a l l u v i u m that exchanges water with the stream ( h y p o r h e i c zone)and an unnatural stream channel. The stream channel l o c a l l y d i s p l a y s a
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compl i ca t ed pattern of stream segments that b i furcate , have s i g n i f i c a n t g a i n i n gand l o s i n g reaches, and has branches that emerge into and re-emerge f r o m thed r e d g e p i l e s . In a d d i t i o n t o th e d i s r u p t i v e e f f e c t s o f p l a c e r o p e r a t i o n s in th estream bed, mining and mi l l operations at the W e l l i n g t i o n - O r o site d epo s i t ed mi l lt a i l i n g s in the v a l l e y across f r o m the mine site and roaster f i n e s t a i l i n g s and minewaste at the site ( P l a t e 1). The lower port ions of t h i s mine and mill wastes aresaturated by ground-water. The complex hydrogeo l ogy produced by theinteract ion of m i n i n g act ivit ie s with the f a u l t e d and frac tured bedrock g e o l o g ymakes it difficult to f o r m u l a t e a consistent pic ture or conceptual model of theinteract ion of the various sources of water and metal s to French Creek.
The primary object ives of conducting salt tracer studies at French G u l c h were to:
1. q u a n t i f y the amount of metal s entering French Creek;2. determine the location and type of major metal i n p u t s (ground-water versussurface runof f) to F r e n c h Creek;3. determine whether the metals stay in the stream; and4. characterize the h y d r o l o g y between the underground mine p o o l , the a l l u v i a la q u i f e r , and F r e n c h Creek.
T h e r e were f o u r a spec t s to the salt tracer- injec t ion s tudie s at F r e n c h G u l c h :
1. instream tracer-di lu t ion;2. s y n o p t i c s a m p l i n g ;3. a l l u v i a l ground-water tracer i n j e c t i o n ; and4. mine pool tracer injec t ion.
The amount of metals entering the stream is referred to as mass or metal l o a d i n gand is ca l cu la t ed as the product of metal concentration and stream di scharge.T r a d i t i o n a l stream f l o w or d i s charge measurements are obtained by d i v i d i n g thestream into small segments. The cross-sectional areas for these segments aremeasured and combined with average water ve loc i ty measurements determinedf r o m a f l o w meter. S u m m i n g the measurements of all sections re sul t s in adischarge value for the entire stream. T h i s method is a p p l i c a b l e to streams thathave channel bottoms and banks that are smooth (Kimball, 1997b). The F r e n c hG u l c h water q u a l i t y s a m p l i n g events conducted by the Co lorado Department ofP u b l i c H e a l t h a n d Environment ( C D P H E ) a n d t h e U . S . Environmental Protec t ionA g e n c y (EPA) since 1989 determined stream di s charge s by th i s method.
M o u n t a i n streams t y p i c a l l y have stream bottoms that are covered with cobble sthat can contain a s i g n i f i c a n t por t i on of the stream f l o w . T h i s f l o w cannot bemeasured by a f l o w meter. Consequently, accurate di scharge measurementsare difficult to obtain in mountain streams (Kimball, 1997b). The water in thestreambed cobbles is referred to as transient storage. It was believed that thed r e d g i n g of French G u l c h and d i s rup t i on of the original French Creek streambedmade d i s charge measurements by t r a d i t i o n a l methods u n r e l i a b l e .
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Precise measurements of d i s charge in mountain streams have been determinedu s ing a conservative salt tracer in the stream (Kimball, 1997b). T h e s emeasurements are based on the d i l u t i o n of the tracer as it moves downstream.Discharge can be de t ermined f rom the amount of tracer d i l u t i o n . The knownconcentration of i n j e c t e d tracer and the rate at which the tracer is a d d e d to thestream are used to ca l cu la t e the mass of tracer introduced to the stream. Streamd i s c h a r g e can be q u a n t i f i e d downstream f r o m an i n j e c t i o n p o i n t by usingmeasurements of tracer concentration ups tream and downstream f r o m thei n j e c t i o n po in t . T h e f o l l o w i n g equation c a l c u l a t e s stream d i s charge .
Q s = (Cj x Qi)/ (C B - C A )

where:
Q s = d i s c h a r g e of the stream
Cj = tracer concentration in the i n j e c t i o n s o l u t i o n
Qi = rate of the in j e c t i on into the stream
CB = tracer concentration downstream from the i n j e c t i o n po int
CA = tracer concentration ups tream f r o m i n j e c t i o n po in t

T h i s method assumes that the stream is not l o s i n g water. The tracer also can beused to characterize h y d r o l o g i c parameters such as the v e l o c i ty of stream f l o w ,travel t ime in the stream, the m i x i n g of so lu te s , the quant i ty of i n f l o w f r o mtr ibutarie s and ground-water, and transient storage in the streambed cobble s(Kimbal l , 1997b). S y n o p t i c s a m p l i n g i s the c o l l e c t i o n o f s a m p l e s f r o m manyl o ca t i ons a l ong the stream over a short period of time. Meta l concentrations f romthe s y n o p t i c s a m p l i n g are combined with the d i s charge measurements tod e v e l o p mass or metal l o a d i n g p r o f i l e s a l o n g the stream.
I n J u l y o f 1996, t h e U . S . G e o l o g i c a l Survey ( U S G S ) T o x i c Subs tance s H y d r o l o g yProgram conducted stream t r a c e r - d i l u t i o n , a l l u v i a l ground-water tracer, mine pooltracer, and synop t i c s a m p l i n g s tudie s in F r e n c h G u l c h . T h i s work was p a r t i a l l yf u n d e d b y a n E P A Region V I I I Headwat er s Grant. A p p e n d i x 4-1, " Q u a n t i f i c a t i o nof Metal L o a d i n g and Ground-water Surface-water I n t e r a c t i o n s in F r e n c h Gulch ,"is the USGS report on thi s s tudy.
The a l l u v i a l ground-water and mine water tracer s tud i e s involved s l u g i n j e c t i o n ofsalt tracers into an a l l u v i a l ground-water well and the Oro Shaft. The purpo s e forthe a l l u v i a l tracer was to q u a n t i f y the interact ion of the stream with the a l l u v i u m .The p u r p o s e of the Oro Shaft tracer was to d e f i n e the pathways of mine water tothe a l l u v i u m and stream. Various sal t tracers were used to d i f f e r e n t i a t e betweenthe stream, a l l u v i a l and mine waters dur ing these s tudie s . S o d i u m ch lor ide(NaCI) tracer was injec t ed into the stream, sodium bromide (NaBr) tracer wasin j e c t ed into the a l l u v i a l ground-water moni tor ing well MW-9, and l i t h i u m c h l o r i d e(LiCI) tracer was i n j e c t e d into the mine via the Oro Shaft ( P l a t e 1). Tracer
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sample s were collected f rom selected we l l s in the bedrock, a l l u v i u m and #3 MineShaft, and at selected sites a l o n g the stream (Plate 1). T h e s e s a m p l e s wereanalyzed by the USGS for bromide, l i t h i u m and chlor ide using atomic ad s orp t i ons p e c t r o p h o t o m e t r y (AA) and ion chromatography (1C) methods. During thecont inuous instream NaCI i n j e c t i o n a set of d e ta i l ed geochemical s a m p l e s werecollected as part of the synopt ic s tudy ( A p p e n d i x 4-2). These s ampl e s wereanalyzed b y t h e U . S . E P A Region V I I I laboratory us ing i o n chromatography,atomic ad s orp t i on , and induc t iv e ly coupled plasma-atomic emission spec trometry( I C P - A E S ) methods. T h e U . S . E P A Region V I I I laboratory also conducted ageochemical background s tudy of s ampl e s c o l l e c t ed f r o m selected stream, mine( W e l l i n g t o n - O r o and Country Boy mines) and well sites prior to the traceri n j e c t i o n ( A p p e n d i x 4-3). EPA ch lor ide concentrations t ended to be s h i f t e da p p r o x i m a t e l y 1 to 2 m g / L higher than USGS concentrations. T h i s sugge s t s ac a l i b r a t i o n p r o b l e m in either the EPA or USGS laboratories . For consistency, theUSGS report and th i s summary u t i l i z e d th e USGS c h l o r i d e concentrations.
Plat e 1 summarizes the stream sites, stream i n f l o w s , ground-water w e l l s andmine s h a f t locat ions incorporated into the USGS salt tracer and synopt i c s tudie sat French G u l c h . T h i s work was conducted d u r i n g the week of July 22, 1996.Tracer s a m p l i n g on selected stream sites, ground-water w e l l s , and mine wateralso continued in August and S e p t e m b e r of 1996. T h i s s tudy was per formedd u r i n g the fa l l ing l imb o f th e F r e n c h G u l c h h y d r o g r a p h d u r i n g a dry week (Figure4-1). The discharge data for French G u l c h in F i g u r e 4-1 was f r o m the USGSg a g i n g station near the c on f lu enc e with the Blue River (USGS, 1997). Dischargeat the g a g i n g station ranged f r o m 12 to 15 cubic f e e t per second (cfs) d u r i n g theweek of July 22. The hydrograph peaked at 80 cfs six weeks prior to this s tudyon J u n e 10. Low f l o w d i s charge d u r i n g the winter of 1996 appeared to s t a b i l i z eat thi s gag ing station around 2 cfs (USGS, 1997).
4.3 Salt Tracer S t u d i e s Summary

4.3.1 Ins tream Tracer S t u d y
4.3.1 a I n t r o d u c t i o n
This s tudy was ab l e to q u a n t i f y the downstream p r o f i l e of metal concentrationsand metal or mass l o a d i n g during the s tudy period. The s tudy also i d e n t i f i e dstream subreaches where the m a j o r i t y of metals are entering F r e n c h Creek.There were over fifty stream and i n f l o w or tributary sites used for tracer andsynop t i c s a m p l i n g . T h e s e sites were i d e n t i f i e d with the "FG" p r e f i x . Six instreamlocat ions , u s u a l l y s a m p l e d in mid-stream, were used as transient s a m p l i n g sitesand were des ignated with the p r e f i x "T" ( P l a t e 1). In add i t i on to conducting tracerand synop t i c s a m p l i n g of the transient sites, these sites were also used toe s tab l i sh tracer arrival times, p la t eau concentrations, travel time between sites,and cumulat ive travel time downstream.
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Due to l o s i n g reaches in the stream, large transient s torage, and i n f l o w s withvariable c h l o r i d e concentrations, accurate d i s charge measurements were notp o s s i b l e by s i m p l e d i l u t i o n m o d e l i n g f r o m the continuous salt in j e c t i on . Duringthe s t udy , spot tracer i n j e c t i o n s above the transient sites resulted inins tantaneous d i s charge measurements at each of the transient sites. A d e t a i l e dstream di s charge p r o f i l e between transient sites T3 and T4 was po s s i b l e f r om thespot i n j e c t i o n above T3 due to the g a i n i n g nature of t h i s stream section ( P l a t e 1).Detai l ed stream di s charge p r o f i l e s were not p o s s i b l e between T2 to T3 and T4 toT6 transient sites because these reaches experienced major losses of f l o w .Between T2 and above T3 and the Country Boy M i n e road sur face f l o w s nearlyd i s a p p e a r e d into th e p l a c e r t a i l i n g s ( P l a t e 1). I m m e d i a t e l y ups tream o f T3, andin the v i c in i ty of the Country Boy M i n e road, s i g n i f i c a n t f l o w was a d d e d back toF r e n c h Creek by large springs.
4.3.1 b Discharge Measurements
Accurate d i s charge or f l o w measurements are needed to evaluate and q u a n t i f ymass or metal l o a d i n g a long F r e n c h Creek. F i g u r e 4-2 is a compari son betweenthe t r a d i t i o n a l f l o w meter d i s charge measurements and the spot i n j e c t i o nd i s c h a r g e measurements. F l o w meter and spot i n j e c t i o n d i s chargemeasurements were nearly identical for the T2 and T3 transient sites. T h i swould suggest that there was minimum f l o w w i th in the streambed cobbles andvery s m a l l transient storage at these sites. T h e s e sites a p p e a r to be domina t edby f i n e grained bed sediments with low permeabi l i ty . The T1 transient site had aspot i n j e c t i o n d i s charge measurement several m a g n i t u d e s h igher than the f l o wmeter measurement. The USGS report stated that the spot i n j e c t i o n d i s chargemeasurement for th i s site was too h igh because there was poor mix ing of thetracer into stream.
The spot i n j e c t i o n d i s charge measurements for transient sites T4 and T6 are 30percent greater than the f l o w meter measurements. The d i f f e r e n c e may beattributed to a large p o r t i o n of f l o w occurring in the cobble bottoms in thesestream segments, which can not be measured with a f l o w meter. At transient siteT5, the tracer i n j e c t i o n indicated less f l o w than the f l o w meter. The streamh y d r o l o g y was very complex between transient sites T4 and T6 with observablemajor losses and gains of f l o w a l ong the stream associated with the large cobbled r e d g e p i l e s . T h i s c o m p l e x h y d r o l o g y may be r e s p o n s i b l e for the u n r e l i a b l ed i s c h a r g e measurements f rom both the spot i n j e c t i o n and f l o w meter.
F i g u r e 4-3 i s the d i s charge p r o f i l e f or F r e n c h G u l c h i n c l u d i n g the d e t a i l e d p r o f i l ebetween T3 and T4. T h i s d i s charge p r o f i l e was based on the spot traceri n j e c t i o n measurements. The p r o f i l e does not i n c l u d e the T1 and T5 transientsites because of the ir ques t ionable result s . The d i s charge is e x t rapo la t edbetween T4 and T6.
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The trace of two major f a u l t s that intersect the underground W e l l i n g t o n - O r o mineworkings cross French Creek at a p p r o x i m a t e l y 760 meters (11-10 Fault) and 930meters ( B u l l h i d e F a u l t ) d i s tance downstream from i n j e c t i o n ( P l a t e 1 ) . T h elocations of the f a u l t s in Plate 1 and f i g u r e s 4-3 and 4-4 were based on m a p p i n gby Lovering (1934). These f a u l t s appear to be associated with s i g n i f i c a n tincreases in f l o w a l o n g F r e n c h Creek ( F i g u r e 4-3).
The f l o w j u s t downstream of the 11-10 Fault at transient site T3 was 304 l i t e r sper second (10.7 cfs). The f l o w increased to 372 l i t er s per second (13.1 cfs) attransient site T4 which is downstream from the B u l l h i d e F a u l t . T h i s f l o w increasealso corresponded to s i gn i f i can t d i f f e r e n c e s in pre- injec t ion chlorideconcentrations a long F r e n c h Creek (Figure 4-4). Pre- in j e c t i on ch l o r id econcentration at T2 was 0.08 mg/L. C h l o r i d e concentration increased to 0.84mg/L at T4. The increase in p r e - i n j e c t i o n c h l o r i d e concentrations in F r e n c hCreek is p r o b a b l y due to the seepage of bedrock ground-water f r o m the f a u l t sand a l l u v i a l ground-water f rom the placer dredge material and a l l u v i u m . Thebedrock ground-water has higher background chloride concentrations than thestream water prior to in j e c t i on .
The variable c h l o r i d e concentrations also a f f e c t e d the instream and i n f l o w tracerconcentrations d u r i n g the tracer-di lu t ion study. The tracer i n j e c t i o n at T1 (0meters) increased stream chloride concentrations f rom a background of 0.08mg/L to over 3.25 mg/L ( F i g u r e 4-5). F i g u r e 4-5 is the downstream p r o f i l e ofUSGS c h l o r i d e concentrations f r om the synopt i c s a m p l i n g . Between 84 metersand 631 meters there was no s i g n i f i c a n t decrease in the instream c h l o r i d econcentrations. T h i s section of French Creek experienced almost a c o m p l e t eloss of surface f l o w during the study. The 631-meter distance f rom in j e c t i oncorresponds to the French Creek stream site FG-9d that is at the end of theculvert below Country Boy Mine road ( P l a t e 1).
U p s t r e a m f r o m T3 (799 meters), large i n f l o w s of bedrock and a l l u v i a l ground-water with ch l or id e background concentrations of 0.08 mg/L ( a l l u v i a l ground-water) and 0.84 mg/L (bedrock ground-water), resulted in the stream tracerconcentration to decrease f rom 3.3 mg/L to 0.4 mg/L. T h i s occurred between631 meters (FG-9d) and the 11-10 F a u l t at 744 meters ( F i g u r e 4-5). Inflowc h l o r i d e concentrations between 744 and 881 meters f r om the right-bank (norths i d e ) exceeded instream concentrations while l e f t - b a n k (south s i d e ) i n f l o w s weres i m i l a r to the instream chlor ide concentrations of 0.4 mg/L at 744 meters. Theright-bank i n f l o w s probably represent a mixture of f a u l t water (bedrock ground-water) and salt tracer laden u n d e r f l o w water that originated f rom the upstreaml o s ing subreach between 84 and 631 meters. The l e f t - b a n k i n f l o w probab lyrepresent a mixture of f a u l t water, Country Boy Mine adit d i s charge , and a l l u v i a lground-water that was f l o w i n g a l o n g the southern por t i on of the F r e n c h G u l c ha l l u v i a l v a l l e y and observed to d a y l i g h t as s p r i n g s in the v i c in i ty of the CountryBoy Mine road. The a l luv ia l ground-water does not contain the salt tracerbecause it bypassed the injec t ion point on the north side of the val l ey ( P l a t e 1).
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The instream c h l o r i d e concentration below 799 meters most l i k e l y represents themixture of salt tracer l a d e n stream water, a l l u v i a l and bedrock (fault) ground-water, and the Country Boy Mine adit water. In summary, the di s charge increasebetween transient sites T2 and T4 is due to a combinat ion of i n f l o w sources:

1. bedrock ground-water seepage f rom the 11-10 and B u l l h i d e f a u l t s ;2. u n d e r f l o w water that originated f r om u p g r a d i e n t s u r fa c e stream l o s i n gsubreach;3. Country Boy M i n e adi t d i s charge; and4. a l l u v i a l and p la c e r d r e d g e ground-water.
4.3.1c S y n o p t i c S a m p l i n g
The s e l ec t ion of synop t i c s a m p l i n g sites was based on bracke t ing all of thev i s i b l e i n f l o w s and po t en t ia l i n f l o w areas a l ong F r e n c h Creek. Above transientsite T3 and the f a u l t s e epage areas, the major ion chemistry ind i ca t ed that thewater in F r e n c h Creek was mos t ly a calc ium bicarbonate type . At transient siteT2, the d i s s o l v e d s o l i d s concentration was 63 m g / L . Downstream of the minesite at T6, the d i s s o l v e d s o l i d s increased to 124 m g / L and the water changed to acalc ium s u l f a t e - m a g n e s i u m carbonate type . The interact ion of s ur fa c e andground waters with s u l f i d e - b e a r i n g rocks, mine workings and sur face mine wasteproduc ed the s u l f a t e waters.
The ox ida t ion of s u l f i d e mineral s and associated acid mine dra inage alsocontributed sub s tant ia l amounts of metal s to the ground and sur face waters. Themetal s with the highes t concentration in F r e n c h Creek are zinc (Zn), iron (Fe),manganese (Mn), and cadmium (Cd). U p s t r e a m f r o m transient site T2 a l l metalconcentrations were either low or below detec t ion. The h ighe s t metalconcentrations in F r e n c h Creek were observed at the downstream transient siteT6 ( P l a t e 1). The T6 site corre sponds to the S t a t e and EPA F G - 7 stream-s a m p l i n g site.
M e t a l s concentrations were variable for s a m p l e d i n f l o w s to French Creek. Therewere o n l y minor t r i bu tary i n f l o w s to F r e n c h Creek with most of the i n f l o w s relatedto ground-water seeps and spr ings . Inflows with h i g h metal concentrationsoccurred on both sides of the stream between the 11-10 and B u l l h i d e f a u l t s( P l a t e 1). The h i g h metal i n f l o w s on the Country Boy M i n e s ide or l e f t - b a n k ofthe stream d i s p l a y e d metal a n d / o r s u l f a t e concentrations much h igher than theCountry Boy M i n e adi t water ( F i g u r e 4-6). T h i s would suggest that most of themetal s in the l e f t - b a n k i n f l o w s between the 11-10 and B u l l h i d e f a u l t s or ig inatedf r o m f a u l t s eepage and not mine water f r o m the Country Boy Mine . The EPAmeasured the f l o w f r om the Country Boy M i n e adit be 0.316 cfs or 9 l i t e r s persecond (Us). In comparison, the observed f l o w increase of 0.5 cfs or 14 L/sacross the B u l l h i d e Fault is l i k e l y due to f a u l t s e epage because there were nov i s i b l e i n f l o w s in th i s subreach ( P l a t e 1 and F i g u r e 4-3). Downstream of the
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B u l l h i d e Faul t a l l th e i n f l o w s are f r om the right-bank. The highes t metalconcentration i n f l o w was F G 3 8 f o l l o w e d by FG44 (Plat e 1).
Downstream p r o f i l e s o f metal and s u l f a t e concentrations exhibi t ed s i m i l a rpatterns ( F i g u r e s 4-7 and 4-8). S i g n i f i c a n t increases in concentrations wereobserved in the v i c in i ty of the 11-10 and B u l l h i d e f a u l t s and between 2200 to2536 meters downstream from i n j e c t i o n . The s u l f a t e concentrations began toincrease upstream from the 11-10 and B u l l h i d e f a u l t s while the rnetalsconcentration a b r u p t l y increased at the f a u l t s . The increase in concentrations fors u l f a t e and metals correlated downstream between 2200 to 2536 meters( F i g u r e s 4-7 and 4-8). The init ial s u l f a t e instream concentration increasecorre sponds to the l e f t - b a n k (south s i d e ) i n f l o w s between 694 and 745 meters.T h e s e are the i n f l o w s that had low ch lor ide concentrations d u r i n g the synop t i cs tudy and probab ly represent southern f l o w of the a l l u v i a l ground-water. Ahigher s u l f a t e background for the a l l u v i a l ground-water compared to the instreams u l f a t e background would not be unusual. T h i s was observed in the backgrounda l l u v i a l and bedrock monitoring well sample s that had s u l f a t e concentrations f rom17 m g / L to 100 m g / L . The background s u l f a t e stream concentrations wereapprox ima t e ly 10 m g / L . The higher s u l f a t e background a l l u v i a l ground-waterwould e x p l a i n the increase in s u l f a t e concentrations above the 11-10 Fault.S i n c e the a l l u v i a l ground-water u p g r a d i e n t of the W-O site has low metal sconcentrations, metal concentrations remained low until the f a u l t s were crossed.S i g n i f i c a n t increases in s u l f a t e and metal s occurred at 2200 (FG55) and 2536(TS-6) meters ( F i g u r e s 4-7 and 4-8). The F r e n c h Creek stream channel s p l i t at1725 meters ( P l a t e 1). The northern f l o w of this s p l i t gained substantial i n f l o wand m e t a l - s u l f a t e rich water at 1826 meters (FG39b) which is j u s t below a pond.T h i s northern f l o w d i s a p p e a r e d into the d r e d g e p i l e cobbles and a por t i on of i ta p p a r e n t l y re-emerged above 2200 meters at FG54. T h i s re-emergent f l o wa p p e a r s to be r e s p o n s i b l e for the increase in s u l f a t e and metal s at 2200 meters.The metals and s u l f a t e increase at T S - 6 (2536 meters) seems to be related toFG44 and F G 5 6 i n f l o w s ( P l a t e 1). These i n f l o w s a p p a r e n t l y originated f rom theW e l l i n g t o n - O r o mine drainage seeps that f l o w a l o n g F r e n c h G u l c h Road. TheUSGS report refers to these seeps as B u l l h i d e Fault s ur fa c e drainage.
4.3.1 d Mass or M e t a l L o a d i n g P r o f i l e s
C o m b i n i n g the d e t a i l e d synop t i c s a m p l i n g of stream and i n f l o w sites with thestream di s charge p r o f i l e y i e l d s metal or mass l o a d i n g p r o f i l e s ( F i g u r e 4-9). Thel o a d i n g p r o f i l e s show where major e f f e c t s of the mine water discharge wereoccurring and indicate s the relative contr ibu t ions f r o m i n f l o w s and f a u l t s .Relative contributions were expressed as a percentage of l o a d i n g compared tothe transient site T6 (2536 meters). Thes e percentages indicate that most of thes u l f a t e (64%), Mn (74%), and Zn (67%) l o a d i n g was occurring between 2200 and2536 meters downstream of in j e c t i on ( P l a t e 1). In contrast, the m a j o r i t y of Cdl o a d i n g (66%) was occurring in the vicinity of the 11-10 and B u l l h i d e f a u l t sbetween 760 and 930 meters ( F i g u r e 4-9). Potent ia l l o a d i n g associated with the
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Country Boy Mine adi t d i s charge based on the EPA f l o w measurement and waterchemistry was less than 1% for s u l f a t e , Mn, Zn and Cd. A p o s s i b l e e x p l a n a t i o nfor the Cd l o a d i n g d i f f e r e n c e f r om the f a u l t s versus the downgrad i en t seeps thatd i s charge into the stream at 2200 and 2536 meters downstream of i n j e c t i o ncould be its a b i l i t y to sorb to iron h y d r o x i d e s p r e f e r e n t i a l l y over the other metal sand s u l f a t e . The f l o w pathway for W e l l i n g t o n - O r o mine dra inage f r om the site v iathe seeps a l o n g F r e n c h G u l c h Road has a large component of s ur fa c e ands h a l l o w a l l u v i a l f l ow . T h i s t y p e of f l o w exposes the water to o x i d a t i o n which i sevident by the "yellowboy" or iron hydrox id e p r e c i p i t a t e s observed a l ong F r e n c hG u l c h Road. I n a d d i t i o n , t h e f l o w pathway intersects t h e a r t i f i c i a l w e t l a n d sacross f r o m the U n i o n M i n e , which may also p r e f e r e n t i a l l y sorb Cd over the othermetals. F u r t h e r work would have to be conducted to fully unders tand thegeochemical p r o p e r t i e s of Cd and the other metal s in F r e n c h G u l c h .
Es t imat ions of f a u l t water s eepage, a l l u v i a l ground-water d i s charge , and massl o a d i n g can be made f r o m the data (Table 4-1). The increase in streamdi s charge due to the B u l l h i d e Fault as prev iou s ly di scussed was a p p r o x i m a t e l y0.5 cfs or 14 Us. T h i s same segment of stream experienced a d o u b l i n g ofinstream Zn concentration due to B u l l h i d e Fault s eepage or d i s charge (Figure 4-10). A B u l l h i d e Fault water d i s charge into the stream with a Zn concentration of23,621 ug/L would result in the observed instream Zn concentrations of 1,570ug/L downstream of the B u l l h i d e Fault at F G 2 5 . A s i m i l a r ana ly s i s for Cdca l cu la t ed 122 ug/L concentration for the B u l l h i d e Faul t water. It i s believed thatthe metal and s u l f a t e contamination associated with the f a u l t s or ig inat ed f r o m theW-O underground mine poo l .
T a b l e 4-1 summarizes the d i s charge , Cd and Zn concentrations, and l o a d i n gestimates for the i n f l o w s associated with the stream segment between the 11-10and B u l l h i d e f a u l t s . T h i s analys i s assumes that al l the salt tracer l a d e n waterthat was lost to the p lac er d r e d g e t a i l i n g s below the T2 site re-emerges at theF G 2 5 site. T h i s s t udy refers to the lost stream water below T2 as streamu n d e r f l o w . The a s sumpt ion that all the u n d e r f l o w re-emerges above F G 2 5re su l t s in a conservative estimate of 7.1 cfs for the a l l u v i u m and p la c e r d r e d g eground-water d i s charge into the stream since it was determined f rom thed i f f e r e n c e between the measured d i s charge at stream site F G - 2 5 and the otheri n f l o w sources. It i s l i k e l y that a s i g n i f i c a n t p o r t i o n of lost stream f l o w remains asu n d e r f l o w or sub sur fac e f l o w in the p lacer t a i l i n g s and a l l u v i u m . In thi s case, thecontr ibu t ion to stream f l o w by a l l u v i a l ground-water not i n f l u e n c e by the streamsalt tracer would be h i g h e r than 7.1 cfs.
The Zn and Cd concentrations for the 11-10 Fault in T a b l e 4-1 were est imatedf r om the r ight-bank ( n o r t h ) i n f l o w at FG15 (840 meters). FG15 was the mostcontaminated i n f l o w observed between the 11-10 and B u l l h i d e f a u l t s . BriantKimbal l f r om the USGS conducted a mul t ivar ia t e Q-mode f a c t o r ana ly s i s onwater q u a l i t y parameters to determine the relative percentages of (1) tracer l a d e n
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T a b l e 4-1Es t imat i onofFrench Creek F l o w Sources andZinc and Cadmium L o a d i n gBetween 11-10 and B u l l h i d e Faults

I n f l o wSources/Stream
B u l l h i d eF a u l t11-10F a u l tCountryBoyQ a l / P l a c e rGroundwaterTracerladenStreamU n d e r f l o w

F r e n c hCreek @F G 2 5

EstimatedDischarge( c f s )
0.5*
0.31

0.316*
7.1

4.8*

13.0*

EstimatedDischarge(Us)
14*
8.8
8.9*
201

136

368*

Zn-dissolved( u g / L )
23621
24380
2796*

7.3-37.2*

15.5-30*

1572*

Zn-l o a d i n g( m g / s e c )
331
215
24.9

1.5-7.5

2.1̂ .1

579

Cd-dissolved( u g / L )
122
114
2*

0-1*

o-i*

8.0*

C d - l o a d i n g( m g / s e c )
1.7
1.0

0.02
0-0.2

0-0.1

2.9

' - Discharge and concentrations measured d u r i n g Salt Tracer S t u d y"**" - Measured d i s charge or stream f l o w at T2
stream water ( u n d e r f l o w ) , (2) f a u l t s e epage, and (3) a l l u v i a l and p l a c e r dr edgeground-water that bypassed the sal t i n j e c t i o n (B. Kimball, pers. comm., 1997).F i g u r e 4-11 is a tr i l inear plot of the mult ivariate Q-mode analysis showing theestimated contributions of these three sources for each inf low. Inflow sites wered e s i g n a t e d by their d i s tance f rom i n j e c t i o n . T h i s p l o t shows the l e f t - b a n k ( s o u t h )i n f l o w s were dominated by low ch l or id e a l l u v i a l ground-water that bypassed thesalt in j e c t ion. The right-bank ( n o r t h ) in f l ows are dominated by tracer ladenstream water ( u n d e r f l o w ) that represents the re-emergence of the stream waterlost in the p la c e r dr edge t a i l i n g s below the T2 site. M i n e water and bedrockground-water s eepage via the f a u l t s was observed in varying degrees for thein f lows . For example, according to the tr i l inear p l o t the FG15 (840 meters) right-bank ( n o r t h ) i n f l o w is composed of a p p r o x i m a t e l y 67% f a u l t water, 6% al luv ia lground-water, and 27% tracer l a d e n stream or u n d e r f l o w water (Figure 4-11).C a l c u l a t i n g the c o rr e spond ing Zn and Cd concentrations in the f a u l t water por t i onof the FG15 i n f l o w results in 24,380 ug/L Zn and 114 ug/L Cd. Theseconcentrations are very s i m i l a r to the i n d e p e n d e n t l y ca l cu la t ed B u l l h i d e Faultwater concentrations. S i m i l a r concentrations were also ca l cu la t ed for the f a u l twater p o r t i o n of the l e f t - b a n k ( s o u t h ) i n f l o w associated with the 840-meterdistance (FG19). Calcu la t i on s f or the other in f l ow s f a u l t water concentrations
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varied by an order of m a g n i t u d e , which may r e f l e c t the error involved with th i smethod. T a b l e 4-1 demonstrate s the i n f l u e n c e of ground-water recharge toF r e n c h Creek downstream of the 11-10 and B u l l h i d e f a u l t s . The combinedbedrock ground-water d i s charge via f a u l t s and a l l u v i a l ground-water d i s c h a r g e toF r e n c h Creek was at least 7.91 c f s , over 60% of the f l o w measured at streamsite F G 2 5 .

T a b l e 4-2Compar i s onofF r e n c h Creek Z i n c and C a d m i u m L o a d i n g

S a m p l i n gS t a t i o n
F r e n c hCreekF G 2 5F r e n c hCreekTS-6D i f f e r e n c eT S - 6 &F G 2 5Mine S e e p sF G - 6 B

%C o n t r i b u t i o nMine S e e p s

Discharge( c f s )
13.0*

' " — 13.3*"""

0.3

6.226*

Discharge( U s )
368*

377*

9

6.4*
71%

Zn-di s so lved( u g / L )
1572*

451" i*

149,000*

Zn-l o a d i n g( m g / s e c )
579

1699

1120

954
85%

Cd-d i s s o lv ed( u g / L )
8.0*

11.5*

114*

C d - l o a d i n g( m g / s e c )
2.9

4.33

1.43

0.73
51%

"*" - Discharge and concentrations measured d u r i n g Salt Tracer S t u d y

T a b l e 4-2 is a compari son of F r e n c h Creek Zn and Cd l o a d i n g i m m e d i a t e l ydownstream f r o m the 11-10 and B u l l h i d e f a u l t s (FG25), TS-6, and mine seepsa long F r e n c h G u l c h Road (FG-6B) ( P l a t e 1). Between F G 2 5 and TS-6 there wasan increase in stream di s charge of 9 L/s with a c orr e spond ing increase in Zn andCd l o a d i n g of 1120 mg/ s e c and 1.43 m g / s e c , re spec t ive ly. It was observedd u r i n g the sal t tracer s tudy that most of the i n f l o w s downstream of the f a u l t areaappear ed to originate f r o m sur face drainage a l o n g the northern s ide of F r e n c hG u l c h . T h e s a m p l i n g s tation F G - 6 B represents sur face f l o w f r om t h e c u l m i n a t i o nof several ground-water seeps a l o n g French G u l c h Road near the mine site( P l a t e 1). The d i s charge measured by the EPA for FG-6B d u r i n g th i s s t udyrepresents 71% of the observed f l o w increase, 85% of the observed increase inZn l o a d i n g , and 51% of the observed increase in Cd l o a d i n g between the F r e n c hCreek s a m p l i n g sites of F G 2 5 and TS-6. It i s believed that the seeps a l ongF r e n c h G u l c h Road represent a smal l port ion of the mine water that is
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di s charg ing into the ground-water. A large por t ion of the metal l o a d i n gassociated with the W-O mine pool may also be transported via ground-waterf l o w in the vicinity of TS-6. Consequent ly, the observed surface f l o w l o a d i n g atTS-6 and F G - 6 B may not be representative of the combine ground and surfacef l o w system.

4.3.2 A l l u v i a l Ground-water S a l t Tracer S t u d y
A s lug of salt tracer was injec ted into the a l l u v i a l monitoring well MW-9 themorning of July 23,1996 ( P l a t e 1). The tracer consisted of one ki logram of NaBrmixed with 3 l i t er s of deionized water. The tracer di spersed over a 24-hour timeperiod. Bromide (Br) was not detected in sampl e s f rom the downgradient a l l u v i a lmoni tor ing well MW-3 or at any of the stream s a m p l i n g sites ( P l a t e 1).
The USGS report presented three p o s s i b l e e x p l a n a t i o n s f or the tracer no t beingdetec ted. First, there was no certainty that the downgradient a l l u v i a l well MW-3or the stream was along the f l o w path for the Br tracer moving in the a l l u v i a laquifer. F i g u r e 4-12 is the water table map for high f l o w condi t ions in J u n e of1996. Based on the contour interpretations of water level data, a po s s i b l e f l o wpath f rom MW-9 has been drawn. T h i s pathway shows that the tracer could havebypassed both the a l l u v i a l well MW-3 and the F r e n c h Creek stream channel.S e c o n d , the tracer could have been d i l u t e d and d i s p e r s e d below de t e c t i on l i m i t sby the time it arrived at either the well or stream. Third, the travel time for thea l l u v i a l a q u i f e r and the stream could have been greater than the time period ofs a m p l i n g events. Average l inear velocities for the a l l u v i a l a q u i f e r were estimatedfrom p u m p i n g tests conducted in 1994 to range f rom 3 to 22 f ee t per day(Morris sey, 1995). In contrast, a c o l l o i d a l borescope in 1998 measured ap r e f e r e n t i a l f l o w zone in the a l l u v i a l well MW-3 to be as high as 460 f ee t per day(see section 7 of t h i s report). The dis tance between the a l l u v i a l we l l s MW-9 andMW-3 is a p p r o x i m a t e l y 1000 f e e t . T h u s , the travel t ime for the tracer to reachMW-3 could range f r o m 2 to 333 days. The stream and MW-3 were monitoredon an hour ly basis for days a f t e r i n j e c t i o n and on a m o n t h l y basis for severalmonths a f t e r in j e c t i on . The h i g h f l o w rate also i m p l i e s s i g n i f i c a n t volumes o fa l l u v i a l ground-water may be f l o w i n g down the val l ey.

4.3.3 Mine Pool S a l t Tracer S t u d y
A s lug of salt tracer was injec t ed into the Oro M i n e s h a f t the morning of July 23,1996 ( P l a t e 1). The tracer consisted of three k i l ograms of LiCI mixed with f i v el i t er s of deionized water. The tracer was delivered to the u p p e r mine pool with100 f e e t of p l a s t i c garden hose. T h i s d e p t h corresponded to the top of minewater level (Figure 4-13). F i g u r e 4-14 is a p l o t of ch l or id e concentrations withtime for the Oro Mine s h a f t , the #3 Mine s h a f t re l i e f well M S R W - 3 , and thea l l u v i a l monitoring well MW-3 ( P l a t e 1 and F i g u r e 4-13). F i g u r e 4-15 is the plot of
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Li with time for the Oro Shaf t . After tracer i n j e c t i o n , the Oro M i n e s h a f t d i s p l a y e dan i n i t i a l increase in Cl and Li concentrations f o l l o w e d by several weeks ofelevated concentrations of around 23 m g / L for Cl and 0.5 m g / L for Li. T h e s eelevated concentrat ions are several orders of m a g n i t u d e greater than thebackground of 1 to 2 m g / L for Cl and near zero for Li ( F i g u r e s 4-14a and 4-15).T h e r e was no Li detected or variations in Cl in the #3 mine r e l i e f well (Figure 4-14b) or the a l l u v i a l well MW-3 (Figure 4-14c). After the init ial tracer mix ing in theOro M i n e s h a f t there was not the continual decrease in concentrations as onewould expect if the u p p e r mine pool water was moving out of the s h a f t andf l o w i n g downgrad i en t to M S R W - 3 or the a l l u v i a l mon i t o r ing wel l MW-3. TheUSGS report interpre t ed the tracer re sul t s to ind i ca t e that:
1. the u p p e r por t i on of the Oro s h a f t is h y d r a u l i c a l l y separated f r o m thedowngrad i en t #3 M i n e s h a f t , the ground-water system that s u p p l i e scontaminated water to the downgradient bedrock, a l l u v i u m , and stream, and2. the lower p o r t i o n of the mine pool is the source of contaminat ion.

It i s p o s s i b l e that the mine pool in the u p p e r por t i on s of the Oro s h a f t is s t r a t i f i e dand i s o la t ed f r o m the other workings r e su l t ing in the top of the m i n e s h a f t beings tagnant a n d / o r s i g n i f i c a n t mine water f l o w i s b y p a s s i n g the u p p e r p o r t i o n s of theOro s h a f t .

4.4 S u m m a r y and Conc lu s ions
The salt tracer s tud i e s conducted in French G u l c h d u r i n g the week of July 22,1996 were able to q u a n t i f y the stream p r o f i l e of metal concentrations and massl o a d i n g f r om above the W e l l i n g t o n - O r o mine site to the EPA and S t a t e streams a m p l i n g site F G - 7 . W i t h i n th i s stream segment the s t ud i e s were also able toi d e n t i f y subreaches where the m a j o r i t y of me ta l s were entering F r e n c h Creek.The mine pool tracer work sugge s t ed that the u p p e r por t i on of the mine pool inthe Oro Shaft was not the source of metal s in the contaminated ground andstream water downgradient f r om the W e l l i n g t o n - O r o mine site. The sa l t tracerthat was in j e c t ed into the a l l u v i a l ground-water was a p p a r e n t l y d i l u t e d by ground-water f l o w or the tracer f l o w path did not encounter any of the downgradi en tmoni tor ing sites. T h i s s tudy was unable to q u a n t i f y the interaction of the streamwith the a l l u v i u m because of the lack of a l l u v i u m tracer detection.
T h e r e was s i g n i f i c a n t i n f l o w of metal s associated with the s e epage f r o m the 11-10 and B u l l h i d e f a u l t s as they crossed French Creek near the W-O site d u r i n gthe tracer study. At the time of s tudy, th i s s e epage accounted for 66% of the Cdl o a d i n g and 33% of the Zn l o a d i n g that was observed at stream site F G - 7 . Them a j o r i t y of metal and s u l f a t e l o a d i n g (64% s u l f a t e , 74% Mn, and 67% Zn) andstream f l o w increases downstream of the f a u l t s can be a t tr ibu t ed to W e l l i n g t o n -Oro mine seeps a l o n g F r e n c h G u l c h Road and p o s s i b l y ground-water d i s charge
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into the stream above the F G - 7 site. A s i g n i f i c a n t amount of l o a d i n g associatedwith the ground-water system may not be accounted for at stream site FG-7.T h i s s tudy was able to determine that ground-water d i s charge into F r e n c h Creekbetween the 11-10 and B u l l h i d e f a u l t s added a s i gn i f i can t amount of f l o w to thestream.
The LiCI tracer i n j e c t i o n into the top of the mine pool at the Oro Shaft did notd i s p e r s e and remained above natural background for months a f t e r in j e c t i on . Thepersi s tence of the tracer in the u p p e r m i n e s h a f t and the lack of d e t e c t i on in thedowngrad i en t moni tor ing sites sugges t s that there was not an active f l o wpathway between the u p p e r portion of the Oro m i n e s h a f t , the #3 Mine s h a f t , andmetal contaminated ground waters that e v e n t u a l l y d i s charge into F r e n c h Creek.T h i s i m p l i e s that there is poor mixing of mine waters in the Oro s h a f t . Based onthese observations, the lower por t ions of the mine pool could be in f erred to bethe source of metals to French Creek or s i g n i f i c a n t mine water is bypas s ing theu p p e r p o r t i o n s of the Oro Mine s h a f t . See section 7 of th i s report for f u r t h e rdi s cu s s ions on mine water pathways to the downgradient contaminated streamand ground-water system.
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5.0 S t a b l e I s o t o p e S t u d i e s
5.1 Abstract
Oxygen and hydrogen stable isotope studies were performed in the vicinity of theWellington-Oro site in 1996 and 1997. An Environmental Protection Agency(EPA) Region VIII Headwaters Grant to the State of Colorado Division ofMinerals and Geology (DMG) funded these studies. Stable isotopes have beenused as natural conservative tracers because snowmelt, surface waters, andground waters can have distinctive stable isotopic compositions that are afunction of the water molecule's structure.
The stable isotope studies have demonstrated that snow melt waters in theFrench Gulch valley were 18O depleted compared to the Wellington-Oro (W-O)mine pool, and surface and ground waters in the valley. The oxygen isotope
composition of the snowmelt ranged from -19.4%o to -27.2%o. The oxygenisotopes for the mine, surface, and ground-water samples had a limited range of
compositions (-19.0%o to -17.2%o) during both low flow and high flow samplingevents. This limited range has been interpreted to be due to the dominance ofregional bedrock ground-water discharge that appears to influence the mine pooland French Creek. Although the mine, surface, and ground waters had similarisotopic compositions, there were two statistically distinct groups; (1) mine waterand (2) French Creek and alluvial ground-water. The mine water was slightly 18Odepleted compared to French Creek and the ground-water associated with thealluvial aquifer. The mine waters oxygen isotope composition ranged from
-19.0%o to -18.5%o. The French Creek/alluvial ground-water oxygen isotope

composition ranged from -78.2%o to -17.4%o. Possible explanations for the 18Odepletion of the mine waters are:
1. the mine waters have had a greater influence from snow melt waters overtime than the creek and alluvium waters;2. the source of water in the mine pool originated from a higher elevation andlower temperature precipitation events; and/or3. the mine waters have not been significantly influenced by relatively 18O richsurficial waters (i.e. rain events).
The lack of shifts towards the greater 18O depleted snow melt for the mine andground waters during high flow sampling suggests that the volume of waterassociated with the local site spring snow melt events are small compared to themine pool and the alluvial and bedrock ground-water system. The mine pooloxygen isotopes slightly shifted towards the 18O rich isotope signature of thealluvial ground-water and French Creek during high flow sampling events. Thissuggest that the mine pool, alluvial ground-water and French Creek had similarrecharge sources. The results of the isotope studies imply that regional bedrock
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ground-water is the recharge source to the mine pool, alluvial ground-water, andFrench Creek.
The isotope signature of ground-water associated with the 11-10 Fault showedthe greatest seasonal shifts. This is possibly due to the fault water beinginfluenced by snowmelt and can also indicate that the fault was a major conduitfor water. The stream sites above of the mine site also displayed significantshifts in isotope compositions while below the 11-10 and Bullhide faults and themine site, French Creek displayed minor shifts during snowmelt events. Thiswould suggest that flow increases in French Creek during spring runoff eventswere significantly influenced by snowmelt above the site and the 11-10 Fault.The lack of significant isotopic shifts below the faults and mine site suggests thatthe stream in high flow conditions was still predominantly fed by regional bedrockground-water.
The isotopic signature of metal contaminated alluvial ground-water in monitoringwells between the 11-10 and Bullhide faults and contaminated ground-water thatis discharging from seeps downgradient of the site was similar to the W-O minepool signature. The similar isotopic signature suggested that W-O mine waterwas the major source of metal contamination to the alluvial ground-water andFrench Creek below the W-O site. The following conclusions can be made fromthe isotope studies:

1. percolation or infiltration of site snowmelt water was not a major sourceof recharge water to the W-O mine pool;2. infiltration of snowmelt into the surface spoils (roaster fines, milltailings, and mine waste rock) was not a major source and transportmechanism for metals to the alluvial ground-water and French Creek;and3. regional bedrock ground-water was the major source of recharge waterto the W-O mine pool, the alluvial ground-water system, and FrenchCreek below the mine site.
5.2 I n t r o d u c t i o n
I s o t o p e s are m u l t i p l e species of the same chemical element. I s o t o p e s have thesame atomic number for a p a r t i c u l a r element but d i f f e r e n t atomic weights due tovarying numbers of neutrons in the nucleus. S t a b l e i so tope s tud i e s are based onthe a b i l i t y of i sotopes to f rac t ionate , or separate into l i g h t and heavy frac t ionsd u r i n g some g e o l o g i c processes. S t a b l e i s o t ope s are not involved with anynatural radioactive decay processes.
Oxygen and hydrogen are used in s table i so tope s tudie s because theyfrac t ionate r eadi ly , are common elements, have a relat ively large d i f f e r e n c e inmass between th e i r i s o tope s , and have one i so tope that is much more abundant
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than the other (Fetter, 1994). T h e r e are two s tab l e i s o tope s for hydrogen , 1H and2H ( d e u t e r i u m ) , and there are three s tab l e i s o t ope s for oxygen, 16O, O and 18O.S t a b l e water mol e cu l e s have nine d i f f e r e n t combinat ions of i s o t o p e s with atomicmasses that range f r o m 18 to 22. 1 H 2

1 6 O is the most abundant and l i g h t e s t watermol e cu l e with a much h igher vapor pressure than the heaviest f o r m , 2 H 2
1 8 O(Fetter, 1994). Change s in water phase f r a c t i o n a t e the hydrogen and oxygeni so tope s . The l i q u i d to gas phase change re su l t s in the heavier water m o l e c u l e sconcentrat ing in the l i q u i d phase. C o n s e q u e n t l y , water that evaporates f r o m theocean is i s o t o p i c a l l y l i g h t e r than the water left b eh ind , and p r e c i p i t a t i o n isi s o t o p i c a l l y heavier with more 2H and 18O than the vapor remaining in thea tmosphere (Fet t er , 1994).

Oxygen and hydrogen s table i so topes have been shown to be natural tracers inground and sur fa c e water s tud i e s (Kendall and M c D o n n e l l , 1993, K e n n e d y andothers, 1986, M c D o n n e l l and others, 1991, M c D o n n e l l and Kendall, 1992,Rodhe, 1987, and S k l a s h and F a r v o l d e n , 1982). T h e s e i s o tope s have beenused to recognize waters with differing sources and to evaluate h y d r o l o g i cprocesses such as evaporat ion, interactions between sur fac e and ground waters,and sub sur face fluid mix ing. Oxygen and hydrogen i s o tope s in the groundwaters of mountain v a l l e y s in C o l o r a d o tend to be u n i f o r m because the waterwas derived f r o m a mixture of p r e c i p i t a t i o n (rain and snow m e l t ) f r o m manystorms over a l o n g period of time. Water f r om snow melt can also tend to bei s o t o p i c a l l y u n i f o r m because of the mixing of water derived f rom the m e l t i n g ofsnow and the r e l a t i v e l y un i f orm temperatures and storm or ig in s associated withwinter snowstorms. In contrast, the i s o t op i c s ignature s o f i n d i v i d u a l rain eventscommonly exhibi t a wide range of s tab l e i s o tope c ompo s i t i on s , which d e p e n d sboth on storm or ig in and on the t emperature of p r e c i p i t a t i o n . In g e n e r a l ,p r e c i p i t a t i o n derived f r o m h i g h e r e l evat ions and lower t emperature s tend to bei s o t o p i c a l l y l i g h t e r than p r e c i p i t a t i o n derived f rom lower e l evat ions and h igh ert emperature s .
Ratios of i so topes in a water s a m p l e are determined us ing mass spectrometry.The i s o tope ratios measured in water s a m p l e s are 18O/16O and 2H/ 1H. T h e s ei s o t o p e ratios are compared with the i s o t op i c ratio of s tandard mean ocean water(SMOW). The comparisons are made by means of the parameter del (8), whichis d e f i n e d as:
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The re sul t s are expressed as d ev ia t i on in par t s per thousand (%o). W h e n 52H isp l o t t e d as a f u n c t i o n of 818O for water f o u n d in continental p r e c i p i t a t i o n , anexperimental l inear r e l a t i o n s h i p known as the g l oba l meteoric water l in e hasbeen f o u n d . T h i s l i n e i s described by the f o l l o w i n g equation ( M a y o , Muller, andR a l s t o n , 1985).

52H =8518O + 10
In 1996, the State o f Colorado Division of Minera l s and G e o l o g y (DMG)contracted Radon Abatement S y s t e m s (RAS), I n c . to conduct s t a b l e i sotopesand selected metal concentration ( C d , Fe, and Zn) s tudie s in F r e n c h G u l c h . RASsubcontracted the isotope work to I s o t o p e S o l u t i o n s , I n c . and the selected metalanalyses to Quanterra Environmental Services. The DMG f u n d i n g for th i s workoriginated f r o m an U . S . EPA Region VIII Headwat er s Grant. T h e s e s tudie s weredesigned and conducted in three phases.
The ob j ec t ive of the Phase I inves t igation was to provide a basel ine for s tablei s o t op i c and selected metal concentrations for mine water, ground waters,s ur fa c e waters and snow pack d u r i n g low f l o w c ond i t i on s in the v i c in i ty of theW e l l i n g t o n - O r o (W-O) mine and mi l l complex. The primary purpose of this PhaseI ba s e l ine s tudy was to determine if there was s u f f i c i e n t s table i s o t o p i c contrastbetween the snow mel t , mine, ground, and sur face waters prior to s pr ing r u n o f f .Phase I baseline s a m p l i n g was conducted on March 20, 1996. A p p e n d i x 5-1contains t h e R A S , I n c . Phase I Report. A Phase I I s tab le i s o tope inve s t igat ionwas cont ingent on the Phase I results d e m o n s t r a t i n g a s u f f i c i e n t i s o t op i ccontrast. Based on the Phase II results and success, a third phase wasconducted in the winter and s p r i n g of 1997.
5.3 Phase I S t a b l e Iso t op e Summary
F i g u r e s 5-1 and 5-2 are p l o t s of F r e n c h Creek d i s charge f r om the g a g i n g s tat ionnear the c o n f l u e n c e with the Blue River (USGS, 1996) and c l i m a t o l o g i c a l datai n c l u d i n g snow pack from D i l l o n Reservoir and Hoos i e r Pass for the month ofMarch (NOAA, 1996, and NRCS, 1996). The sur face e levation o f the s tudy areain F r e n c h G u l c h ranges f r om 9,700 to 9,970 f e e t . The H o o s i e r Pass s tationrecords water equivalent content of the snow pack and temperature data for theU.S. Depar tmen t o f A g r i c u l t u r e N a t i o n a l Resources Conservation Service(NRCS) Water and C l i m a t e Center. T h i s station is located a p p r o x i m a t e l y 8.5miles south of French G u l c h and is at an elevation of 11,400 fee t . The s e datawould most l i k e l y represent the c ond i t i on s of snow pack and temperature for theu p p e r French G u l c h Basin or headwaters for French Creek above the s tudy area.
The D i l l o n Reservoir s tation records p r e c i p i t a t i o n , t emperature , and d e p t h o fsnow pack for the U . S . Department of Commerce N a t i o n a l Oceanic andAtmospher i c A d m i n i s t r a t i o n (NOAA) N a t i o n a l Weather Service. T h i s station i s
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located a p p r o x i m a t e l y 10 mile s north of F r e n c h G u l c h and is at an e l evat ion ofaround 8,900 f e e t . T h e s e data would most l i k e l y represent the d e p t h of snowpack, temperature and pre c ip i ta t i on in the vic inity of the s tudy area. For anyquant i ta t iv e a n a l y s i s at the W-O site, an e l evat ion correction and waterequivalent e s t imat i on of the snow pack would need to be made.
F r e n c h Creek d i s charge data ind i ca t e s that ba s e l ine s a m p l i n g on March 20,1996a p p e a r s to have occurred d u r i n g s t ab i l i z ed low f l o w condi t i ons . The snow waterequivalent data f r o m H o o s i e r Pass ind i ca t e s that the snow pack was s tab l e andthere were no major snowmelt events in the u p p e r F r e n c h G u l c h Basin d u r i n g themonth of March ( F i g u r e 5-1). The t emperature and snow pack data f r o m D i l l o nReservoir sugge s t s that there may of been some local m e l t i n g of snow in thes t udy area d u r i n g warm per i od s in March, a l t h o u g h some of the decrease insnow pack d e p t h may be due to compact ion and s u b l i m a t i o n (Figure 5-2).
The snow pack data for the D i l l o n Reservoir s tation does not i n c l u d e waterequivalent content of the snow and the H o o s i e r Pass s tation does not recordsnow d e p t h . Cons equen t ly , evaluat ion of compac t ion, s u b l i m a t i o n and snowmeltin the s t udy area using the D i l l o n and H o o s i e r Pass data was not p o s s i b l e .
The s a m p l e l o ca t i on s for the Phase I S t a b l e I s o t o p e S t u d y are shown in F i g u r e 5-3. T a b l e 5-1 summarizes the Phase I s a m p l e sites. The RAS s a m p l e #FG0006was incorrec t ly described in the Phase I report ( A p p e n d i x 5-1) as a F r e n c h Creeksampl e . T h i s s a m p l e locat ion i s associated with a ground-water seep (FG-6C)a l o n g F r e n c h G u l c h Road. RAS s a m p l e #FG0008, roaster f i n e s soil boring(SBRF-3), was incorrec t ly referred to as a ground-water "spring" s a m p l e in thedi s cu s s ion section of the Phase I report ( A p p e n d i x 5-1). T h i s s a m p l e shou ldrepresent the ground-water-saturated p o r t i o n of the roaster f i n e s waste p i l e , butwas c o l l e c t ed f r o m the soil boring using a bailer. The Phase I s t ab l e i so tope andmetal concentration result s for thi s roaster f i n e s water s a m p l e may be suspectbase on the c o l l e c t i o n method. In March of 1996, the roaster f i n e s boring SBRF-3 o n l y had one f o o t of water. T h i s boring was not purged because of the minimalwater and a very slow recovery rate. C o n s e q u e n t l y , the water s a m p l e was takenfrom the f i r s t bailer. The water co l l e c t ed in S B R F - 3 d u r i n g the Phase I s a m p l i n gmay contain re s idual s tagnant water f r o m h i g h e r f l o w c o n d i t i o n s that p r o b a b l yimpacted the s tab l e i so tope and metal concentration r e su l t s (see f u r t h e rd i s cu s s i on below).
The s tab l e i s o t op i c result s for the Phase I s a m p l i n g event are p l o t t ed with theg l o b a l meteoric water l i n e (MWL) in F i g u r e 5-4. All s a m p l e s fal l on or near theg l o b a l MWL i n d i c a t i n g that the data are reasonably accurate and precise (pers .comm. B.M. S m i t h , I s o t o p e S o l u t i o n s , 1996). F i g u r e 5-5 is a d e t a i l e d view of the618O versus 6 2 H p l o t with the g l o b a l M W L . T h r e e s a m p l e s (KDS, F G - 6 C andSBRF-3) are s l i g h t l y to the right of the g l o b a l MWL which sugge s t s minorevaporation (per s . comm. B.M. S m i t h , I s o t o p e S o l u t i o n s , 1996). Two of theses a m p l e s , KDS and F G - 6 C , are the s p r i n g / s e e p s a m p l e l o ca t i on s where minor
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T a b l e 5-1
Phase I S a m p l e S i t e s f o r t h e F r e n c h G u l c h S t a b l e I s o t o p e I n v e s t i g a t i o n

RASS a m p l e #
F G 0 0 0 1
F G 6 0 0 2
F G 0 0 0 3
FG0004
F G 0 0 0 5
FG0006
F G 0 0 0 7
F G 0 0 0 8
F G 0 0 0 9
F G 0 0 1 0
F G 0 0 1 1

S a m p l e T y p e
ground-water

r ground-water
ground-water
ground-water
mine water
ground-water seep
ground-water seep
ground-waterFrench Creek

r Snow
F r e n c h Creek

Location
MW-14
MW-9
M W - 1 6
MW-3
M S R W - 3
FG-6C
K D S
S B R F 3F C @ C B
composi teS a m p l e
F G - 7

Comment s
C l e a n , 11-10 f a u l t , shale bedrock
C l e a n , lower Qal, u p g r a d i e n t f r o m mine
C o n t a m i n a t e d , shale bedrock at mine s i te
C o n t a m i n a t e d , u p p e r & lower Qal, below m i l lt a i l i n g sC o n t a m i n a t e d , R e l i e f well for #3 Mine Shaf t
Contaminated seep south side F r e n c h G u l c hRoadC o n t a m i n a t e d , K e n n y D o g S p r i n g
C o n t a m i n a t e d , Roaster F i n e s soil boringClean, Above culvert at Country Boy M i n e ,ups t r eam f r o m mine siteAt MW-9 loca t ion
C o n t a m i n a t e d , downstream f r o m mine site,north i n f l o w to Dead Elk Pond

evaporat ion would be common. The roaster f i n e s soil boring s a m p l e l o ca t i on(SBRF-3) is at a p o s i t i o n most d i s t a n t f r o m the g l o b a l MWL i n d i c a t i n g thatevaporat ion has m o d i f i e d its i s o tope compos i t i ons . Evapora t ion would beunusual for ground-water in a soil boring unle s s it has been s tagnant for a l o n gperiod of time. As pr ev i ou s ly d i s cu s s ed , the SBRF-3 Phase I water s a m p l ep r o b a b l y represents stagnant water because the soil boring was not purged priorto s a m p l i n g .
All the mine water, a l l u v i a l ground-water and F r e n c h Creek s a m p l e s exhib i t a
l i m i t e d range of oxygen (818O from -17.4 to -18.9%o) and hydrogen (82H from
-131 to -142%o) i s o t o p i c c ompo s i t i on s , with the exc ep t ion of the K e n n y Dog
S p r i n g (818O =-21 %o and 82H = -159%o). The i s o t o p i c s i m i l a r i t y of a l l u v i a lground-water and F r e n c h Creek i m p l i e s that the p r i n c i p a l source of water in thecreek is regional bedrock ground-water. An exp lana t i on presented in the RASPhase I Report for the lower isotope values f r o m the K e n n y Dog S p r i n g is mix ingof the s p r i n g water with over 30% s u r f i c i a l snowmelt (see e x a m p l e of i s o t op i cmass b a l a n c i n g for two component water mixtures p a g e 4 of Phase I Report -
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A p p e n d i x 5-1). Subsequent i sotope s a m p l i n g s u p p o r t s th i s mixing model. Therewas a s trong oxygen i s o t o p i c contrast between the mine water, a l l u v i a l ground-
water and F r e n c h Creek s a m p l e s (818O =-18.3 + 0.6%o) and the snow pack
(518O=27.2%o). It was concluded that thi s contrast prov ide s a s u f f i c i e n td i f f e r e n c e to conduct mean ing fu l mass balance ca l cu la t i on s dur ing snowmeltevents with a prec i s ion of a few percent (RAS, 1996a).
A l t h o u g h the waters c o l l e c t ed d u r i n g the Phase I inve s t iga t i on exhib i t a l i m i t e drange i s o t o p i c c ompo s i t i on r e f l e c t i n g the regional bedrock ground-waterdominance of the low f l o w hydro l og i c system, there are two s t a t i s t i c a l l ys i g n i f i c a n t g r o u p i n g s observed (Figure 5-5). D i s c o u n t i n g th e K e n n y Dog S p r i n gs a m p l e because of snow melt c ontaminat ion, the two g r o u p i n g s are; (1) MSRW-3, MW-16 and F G - 6 C and (2) F C @ C B , FG-7, S B R F - 3 , MW-9 and MW-14. MW-3 i s o t op i c c o m p o s i t i o n falls between the two groups. G r o u p #1 represents minewater while g r o u p #2 represents French Creek and ground-water ( a l l u v i u m andbedrock). The i so topic s ignature of the ground-water associated with the sha l ebedrock at the mine site (MW-16) and the seep a long French G u l c h Road (FG-6C) are nearly ident i cal to the mine water (MSRW-3). Discounting the i sotopevalues f r om SBRF-3 due to p o t e n t i a l evaporat ion, the h ighe s t oxygen i so tope
value ( 1 8 O - r i c h ) for group #2 i s -17.7%o f r o m s a m p l e loca t ion MW-14. If th i svalue represents the baseline conditions for regional bedrock ground-water, thes l i g h t s h i f t i n g to lower oxygen values wi th in g r o u p #2 p o s s i b l y indicate s minorm i x i n g with 18O-poor snowmelt a n d / o r mine water. The p o s i t i o n of MW-3between the two groups suggests a higher percentage (up to 45%) of mine watercontr ibut ion in t h i s a l l u v i a l well on the west-side of the mill t a i l i n g s and B u l l h i d eF a u l t ( F i g u r e 5-3).
5 . 4 Phase I I S t a b l e I s o t o p e Summary
The purpose of the stable i sotopic tracer studies was to resolve the roles of minewater, ground-water and sur face water d u r i n g h igh f l o w c ond i t i on s associatedwith the major s p r i n g snow melt in the area of the W e l l i n g t o n - O r o M i n e and Millcomplex. The DMG proceeded with a Phase II invest igation because the Phase Idata demonstrated the i s o top i c contrast between snow mel t , mine water, ground-water, and French Creek in the s tudy area. Phase II involved s a m p l i n g elevensites f r o m the mine, ground and sur face waters three times d u r i n g the peak f l o wand d e c l i n i n g f l o w of French Creek in the s p r i n g and summer of 1996. T h e r ewere two s a m p l e sites added to the Phase II investigation: FG-8 (south i n f l o w toDead Elk P o n d ) and #3 Mine s h a f t . The #3 Mine s h a f t was s a m p l e d o n l y onceas a f i e l d q u a l i t y control to compare with the #3 Mine Shaft R e l i e f Well (MSRW-3). Water sample s were analyzed for oxygen and hydrogen isotopicc o m p o s i t i o n , as well as Cd, Fe, and Zn concentrations. A p p e n d i x 5-2 containst h e Phase I I F i n a l Report.
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French Creek d i s charge began to rise in early May when the h i g h e l eva t ion snowpack started to d e c l i n e (Figure 5-6). The lower e levat ion or s tudy area snowpack had mostly d i s appear ed by late April and early May ( F i g u r e s 5-7 and 5-8).F r e n c h Creek d i s c h a r g e reached a p l a t e a u around 60 cfs by May 17. The mineand many of the ground-water w e l l s at the mine site were f l o w i n g at th i s time. Am u l t i - d a y storm event started on May 25 (Figure 5-8). T h i s event was rain andsnow at the mine site and a snow event in the u p p e r F r e n c h G u l c h Basin.F r e n c h Creek d i s charge peaked on the f i r s t day of the storm at 80 cfs ands t e a d i l y d e c l i n e d as the t emperature decreased and the ups tream snow packs l i g h t l y increased to a p l a t e a u of 10 inches water equivalent (Figure 5-6). F r e n c hCreek d i s c h a r g e began a s t e ep rise in early J u n e when the u p p e r basin snowpack d e c l i n e d r a p i d l y (Figure 5-9). The F r e n c h Creek h y d r o g r a p h reached asecond peak at 80 cfs on J u n e 10 i m m e d i a t e l y a f t e r the u p p e r F r e n c h G u l c hsnowmelt w a s c o m p l e t e . T h e f i r s t Phase I I i s o t ope s a m p l i n g event occurred o nJ u n e 10.
T h e s tab l e i s o t o p i c re su l t s f o r t h e Phase I I J u n e 1 0 s a m p l e s have been p l o t t e dwith the g l o b a l meteoric water l ine (MWL) in F i g u r e 5-10. All s a m p l e s fal l on ornear the g l o b a l MWL i n d i c a t i n g that the data are reasonably accurate andprecise (per s . comm. B.M. S m i t h , I s o t o p e S o l u t i o n s , 1996). Two d i s t i n c t i s o t o p i cgroup s are s t i l l present d u r i n g th i s s a m p l i n g . The mine water ( G r o u p #1)contains s a m p l e l o ca t ions M S R W - 3 , M W - 1 6 , K D S , F G - 6 C a n d M W - 3 . T h e creekand a l l u v i a l and bedrock ground-water ( G r o u p #2) contains s a m p l e l o ca t i on sS B R F - 3 , M W - 1 4 , M W - 9 , F C @ C B , F G - 7 a n d F G - 8 . T h e s a m p l e locat ions f o rG r o u p #2 are id en t i ca l to Phase I with the a d d i t i o n of the new F r e n c h Creekstream s a m p l e FG-8. The highest oxygen i s o tope s value ( 1 8 O - r i c h ) for Phase I
base l ine c ond i t i on s for G r o u p #2 was -17.7 %o. The s l i g h t l y greater s h i f t to loweroxygen values for most of the s a m p l e locat ions w i th in G r o u p #2 compared toPhase I re su l t s sugges t an increased mix ing with 18O-poor snow melt a n d / o rmine water d u r i n g the peak h i g h f l o w c ond i t i on s ( F i g u r e s 5-5 and 5-10).
The G r o u p #1 (mine water) in the J u n e 10 s a m p l i n g i n c l u d e d the same s a m p l el o ca t i on s as the Phase I result s with the a d d i t i o n of the KDS and MW-3 locat ions( F i g u r e 5-10). T h e K e n n y D o g S p r i n g ( K D S ) i s o t ope re sul t s p l o t wi th in t h e minewater group. T h i s s u p p o r t s the model of snowmelt c on taminat ing the Phase IKDS s a m p l e in March. The MW-3 s a m p l e loca t ion was a mixture of mine anda l l u v i a l ground-water in the low f l o w Phase I s a m p l i n g . U n d e r peak h i g h f l o wcondi t i on s thi s s a m p l e location appear s to be dominated by mine waterd i s charge or has greater i n f l u e n c e f r om snowmelt.
The mine pool water level increased over f o u r t e e n f e e t between low f l o wc o n d i t i o n s in March and peak h igh f l o w condi t i on s on J u n e 10. The i s o t o p es ignature for the mine water ( g r o u p #1) is very s i m i l a r between Phase I (low f l o wc ond i t i on s prior to snowmel t) and the J u n e 10 s a m p l i n g re sul t s ( F i g u r e s 5-5 and5-10). T h i s s i m i l a r i t y indi ca t e s that at the t ime of s a m p l i n g , water f rom 1 8Od e p l e t e d snowmelt did not s i g n i f i c a n t l y contribute d i r e c t l y to the rise in the mine
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pool l eve l s . If direct snowmelt i n f i l t r a t i o n was the major source of recharge waterto the mine, the mine waters should have s h i f t e d towards the i so topic signatureof the snowmelt. G r o u p #1 (mine water) appear s to be s l i g h t l y s h i f t e d to right ofthe g loba l MWL and towards higher oxygen values for the J u n e 10 s a m p l i n gcompared to Phase I base l ine s a m p l i n g in March 1996 (Figure 5-10). T h i s s h i f tsugges t s a s l i g h t l y evaporative i s o t op i c s ignature for the mine water and regionalbedrock ground-water i n f l u e n c e . T h e r e are at least three p o s s i b l e e x p l a n a t i o n sfor the evaporative s ignature:
1. the mine water rise intercepted s tagnant mine water that had been exposedto headspace during low f l o w condit ions,2. the regional bedrock ground-water recharge that contributed to the overf o u r t e e n f e e t of mine water level rise had a s l i g h t evaporative character andwas s l i g h t l y more 18O-rich than the mine water, and3. the s h i f t is w i th in the prec i s ion and accuracy range of the i so tope ana ly t i ca ldata.
French G u l c h discharge s t ead i ly dec l ined a f t e r the J u n e 10 French Creek peak-f l o w (Figure 5-11). The next i s o t o p e - s a m p l i n g event occurred on J u n e 27. Thiss a m p l i n g event was three days a f t e r a rainstorm (Figure 5-11). A few w e l l s at themine site, i n c l u d i n g the #3 M i n e Shaft, were still f l o w i n g at th i s time. The s tab lei s o t o p i c resul t s f o r t h e Phase I I J u n e 2 7 s a m p l e s a r e p l o t t e d with t h e g l o b a lmeteoric water line (MWL) in F i g u r e 5-12. All s ampl e s fall on or near the g loba lMWL i n d i c a t i n g that the data are reasonably accurate and precise (per s . comm.B.M. S m i t h , I s o t o p e S o l u t i o n s , 1996). Two di s t inc t i so topic groups are s t i l lpresent d u r i n g th i s s a m p l i n g . The mine water ( G r o u p #1) contains s a m p l elo ca t i on s M S R W - 3 , M W - 1 6 , KDS, F G - 6 C , MW-3 and MW-14. G r o u p #2contained creek and a l l u v i a l ground-water s a m p l e lo ca t ions SBRF-3, M W - 9 ,F C @ C B , FG-7 and F G - 8 .
The 11-10 f a u l t w e l l , MW-14, switched f r o m G r o u p #2 (June 10) to G r o u p #1( J u n e 27). The f a u l t well is completed at 277 f e e t . It is believed that thi s s h i f t isdue to a de layed response of mixing with 18O-poor snow melt water thati n f i l t r a t e d f r o m the sur face a l ong the 11-10 f a u l t p l a n e or was due to snow meltrecharging the regional bedrock ground-water u p g r a d i e n t f r om the f a u l t . Thi ss h i f t was not due to metal contaminated mine water because there was not anassociated s i g n i f i c a n t increase in metals (Figure 5-13). The g r o u p i n g s for theJ u n e 27 s a m p l i n g are the same as J u n e 10 except for the MW-14 s a m p l i n glocation.
The J u n e 27 g r o u p #2 i so tope re sul t s are more scattered compared to the J u n e10 s a m p l i n g and Phase I results. The sur fac e s a m p l e s in the J u n e 27 group #2( F G - 7 , F G - 8 , a n d F C @ C B ) con s i s t en t ly f a l l s l i g h t l y above t h e g l o b a l M W L( F i g u r e 5-12). T h i s could be caused by mixing with rainwater which tends tohave a higher hydrogen i s o t o p i c c ompos i t i on , a l t h o u g h thi s po s i t i on above thegloba l MWL is very close to the precision and accuracy of the analyt ical methods
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(pers . comm. B.M. S m i t h , I s o t o p e S o l u t i o n s , 1997). By J u n e 27, snowmelts h o u l d have had no direct e f f e c t on the s u r fa c e waters (Figure 5-9). The s h i f t to18O-poor values for locat ions downstream of the mine site (FG-7 and FG-8)compared to ups tream of the mine site (FC@CB) sugges t s:
1. mine water m i x i n g (up to 30%) is occurring in these downstream lo ca t i on s ,a n d / o r2. the bedrock ground-water that is recharging the stream at FG-7 and FG-8was i n f l u e n c e d by earlier u p g r a d i e n t snowmelt that recharged the regionalground-water system.

T h e last Phase I I s a m p l i n g event w a s conducted o n J u l y 2 2 . T h i s s a m p l i n g alsooccurred three days a f t e r a rainstorm (Figure 5-14). The s tab l e i s o t op i c re sul t sf o r t h e Phase I I J u l y 2 7 s a m p l e s have been p l o t t e d with t h e g l o b a l meteoric waterl i n e (MWL) in F i g u r e 5-15. All s a m p l e s f a l l on or near th e g l o b a l MWL i n d i c a t i n gthat the data are reasonably accurate and precise (pers. comm. B.M. S m i t h ,I s o t o p e S o l u t i o n s , 1996). The g r o u p i n g s f or the July 27 i s o t op i c re sul t s are lessd i s t i n c t i v e than the previous s a m p l i n g events. G r o u p #1 (mine water) consists ofM S R W - 3 , M W - 1 6 , MW-3 and KDS. G r o u p #2 o n l y contains the F r e n c h Creeks a m p l e l o ca t i on s F C @ C B , F G - 7 a n d F G - 8 . T h e S B R F - 3 (roaster f i n e s soilb o r i n g ) was not p l o t t e d because the hydrogen i s o t op e c o m p o s i t i o n was not
determined for th i s s a m p l e . The 1 8O-isotope value o f -17.8%o for SBRF-3sugge s t s that th i s s a m p l e would remain in G r o u p #2. The d e e p f a u l t well MW-14has begun to s h i f t back to the s ignature of the ba s e l ine bedrock ground-waterand F r e n c h Creek water represented by G r o u p #2. The F G - 6 C seep locat iona p p e a r s to have s h i f t e d f r o m a mine water s ignature to a mixture of mine water( G r o u p #1) and a l l u v i a l ground-water ( G r o u p #2). The s h i f t to a h igher ( 1 8 O - r i c h )
oxygen i so tope value for MW-9 s a m p l e (-17.4%o) p l a c e s th i s s a m p l e at a valueabove the base l ine value pr ev iou s ly observed for bedrock ground-water
(-17.7%o). F u r t h e r s a m p l i n g would be necessary to r e f ine the bedrock ground-water ba s e l in e values. T h e s e base l ine values are very i m p o r t a n t in q u a n t i f y i n gm i x i n g model s .
Most of the i s o t o p i c data appear s to be s h i f t e d to the left or above the g l o b a lMWL for the July 22 s a m p l e s (Figure 5-15). This s h i f t i s very close to theprec i s ion and accuracy of the a n a l y t i c a l data, a l t h o u g h the consistent s h i f t maybe due to the i n f l u e n c e of s l i g h t mix ing with rainwater. All the F r e n c h Creeks a m p l e s upstream and downstream of the mine site p l o t very close toge thers u g g e s t i n g that the volume of mine water mix ing with stream water was minimalat the time of s a m p l i n g .
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T a b l e 5-2Phase I I I A d d i t i o n a l S a m p l e S i t e s f o r t h e French G u l c h S t a b l e I s o t o p eI n v e s t i g a t i o n

RASS a m p l e #F G 0 0 7 2F G 0 0 9 5
F G 0 0 5 9F G 0 1 0 9
F G 0 0 6 2FG0100
F G 0 0 6 9FG0097
F G 0 0 6 3FG0107
FG0054*F G 0 1 0 8F G 0 1 0 2
FG0075FG0086
FG0076FG0088
FG0106
FG0070
FG0096
FG0073
F G 0 0 8 2
FG0074
F G 0 0 9 1
FG0077FG0087
F G 0 1 0 1
FG0083

S a m p l e T y p e
Snow
ground-water

ground-water
ground-water
ground-water
ground-water
ground-water
ground-water seep
ground-water seep
ground-water seep
French Creek
French Creek
F r e n c h Creek

r F r e n c h Creek
"" M i n e Pool

Rain

Location
compos i t es a m p l eMW-2

M W - 1 1
M W - 1 2
MW-13
WtL-02
WRO-1
1121
FG-6D
Qal
F G - 1
F G - 9
FG-1 5
t ' S - 4
Oro
Grabsampl e

Comments
C l e a n , 1 .25 mi l e s up s tr eam of W-O site, nearF G - 1C o n t a m i n a t e d , Q a l / p o r p h y r y , below W-O siteand mil l t a i l i n g s , near new m i l l t a i l i n g s well WTL-02C l e a n , shale bedrock ( Q a l / b e d r o c k @ h i g h f l o w ) ,above W-O siteClean, p o r p h y r y bedrock, above W-O site
C o n t a m i n a t e d , shale bedrock, near main minewaste and roaster f ine s surface p i l e sC o n t a m i n a t e d , new mill t a i l i n g s well near MW-2
C o n t a m i n a t e d , new roaster f i n e s we l f
C o n t a m i n a t e d , at base of dr edge p i l e sdownstream f r o m W-O siteClean Qal (?) seep from under dr edge t a i l i n g sp i l e near contamianted mine seepsQal seep at" #3 Mine
Clean background, 1.25 miles upstream from W-Osi t eContaminated , near USGS f l o w gauge atc on f lu enc e with Blue RiverC o n t a m i n a t e d , pool adjacent to creek (norths i d e ) near 11-10 Fault & Country Boy M i n eContaminat ed U S G S site, below B u l f h i d ' e F a u l t
C o n t a m i n a t e d , top mine poo l near 70 ft belowsurfaceC l e a n , near FG-9 site (May s a m p l e event)

* RAS ( 1 9 9 7 a ) M i n e Pool Characterizat ion S t u d y
5 . 5 Phase I I I S t a b l e I s o t o p e Summary
T h e ob j e c t ive o f t h e Phase I I I s tab le i s o tope s tudy w a s t o c o m p l e t e a f u l l cycle o fs a m p l i n g during l o w a n d high f l o w conditions. Phase I I I involved t w o a d d i t i o n a ls a m p l i n g events; (1) another low f l o w ba s e l ine s a m p l i n g event in March of 1997and (2) a s a m p l i n g event at the end of May 1997 that corresponded to the ri s ingl imb of the French Creek hydrograph . In a d d i t i o n to the Phase I and II s a m p l i n g
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l o ca t i on s , f o u r t e e n ground and surface water s a m p l i n g l o ca t ions and a d d i t i o n a lsnow s a m p l e s were incorporated into the s tudy to prov id e s u p p l e m e n t a l mine,ground-water, snow, and creek coverage. T a b l e 5-2 summarizes the a d d i t i o n a lPhase I I I s a m p l e locat ions. A s with Phase I a n d I I , water s a m p l e s were analyzedfor oxygen and hydrogen i s o t o p i c c ompo s i t i on , and Cd, Fe, and Znconcentrations. A p p e n d i x 5 - 3 contains t h e Phase I I I R A S report. F i g u r e s 5-16and 5-17 are p l o t s o f F r e n c h Creek d i s charge f r o m the USGS. g a g i n g s ta t ionnear the c o n f l u e n c e with the Blue River (USGS, 1997) and c l i m a t o l o g i c a l datai n c l u d i n g snow pack f rom Dillon Reservoir and H o o s i e r Pass for the month ofMarch 1997 ( N O A A , 1997 a n d N R C S , 1997). T h e f i r s t Phase I I I s a m p l i n g eventwas p e r f o r m e d on March 12 and 13. The F r e n c h Creek d i s c h a r g e data ind i ca t edthat t h e Phase I I I base l ine s a m p l i n g occurred d u r i n g s tab i l i z ed l o w f l o wc o n d i t i o n s with a stream di s charge of 2 c f s . The t emperature and snow packdata f r o m D i l l o n Reservoir suggested that there migh t have been some localm e l t i n g of snow in the W-O mine site area d u r i n g the s a m p l i n g period ( F i g u r e 5-16). The snow water equivalent data f r om H o o s i e r Pass shows that the h i g he l evat ion snow pack was s table and sugge s t s that there were no major snowmelt events in the u p p e r French G u l c h headwaters region d u r i n g the month ofMarch 1997 ( F i g u r e 5-17).
F i g u r e 5-18 i s a p l o t o f t h e 518O versus 8 2 H f o r t h e Phase I I I March 1997 result so n Phase I a n d I I s a m p l e locations. A l l o f t h e s a m p l e s f a l l near t h e g l o b a l M W Li n d i c a t i n g that that the data are reasonably accurate and precise. The March1997 ba s e l in e re sul t s d i s p l a y very s i m i l a r pat terns to the March 1996 ba s e l ineresul t s ( F i g u r e 5-5). The 1997 re sul t s a p p e a r to be s l i g h t l y more scattered andfal l c on s i s t en t ly below the g l o b a l MWL. As with the March 1996 data , the seeps(KDS and FG-6C) and the roaster f i n e s soil boring SBRF-3 were most d i s t a n tf r o m the g l o b a l MWL. T h e r e were s t i l l two s t a t i s t i c a l l y s i g n i f i c a n t g r o u p i n g s in the1997 base l ine results . In contrast to the 1996 base l ine re su l t s , the 1997 KDSs a m p l e did not have a s i g n i f i c a n t snow melt contr ibu t ion and p l o t t e d w i th in themine water G r o u p #1 with the #3 M i n e s h a f t r e l i e f w e l l , the mine site shalebedrock well (MW-16), and the downgradient ground-water seep (FG-6C) (Figure5-18). The d e e p 11-10 f a u l t well MW-14 was s h i f t e d towards a more O-poori s o t op e c ompo s i t i on compared to the 1996 base l ine re su l t s s u g g e s t i n g that localsnow melt i n f i l t r a t i o n may have been i n f l u e n c i n g the f a u l t in March of 1997.S i m i l a r to the 1996 base l ine re su l t s , the MW-3 i s o t o p i c c ompo s i t i on p l o t t e dbetween the mine water group #1 and F r e n c h C r e e k / a l l u v i a l ground-water G r o u p# 2 . I n a d d i t i o n , t h e Phase I I I result s also showed a s l i g h t s h i f t t o lower oxygenvalues w i th in G r o u p #2 for the downstream creek sites. T h i s may be due tominor mix ing with 18O-poor snow melt a n d / o r mine water.
F r e n c h Creek d i s charge began to rise in early May 1997 when the h i g h e l evat ionsnow pack started to melt (Figure 5-19). The lower e levation or mine site areasnow pack had melted out in March and April of 1997 ( F i g u r e s 5-16 and 5-20).The 1997 stream h y d r o g r a p h peaked on J u n e 5 at 122 cfs ( F i g u r e 5-21). S i m i l a rto the 1996 stream h y d r o g r a p h (Figure 5-9), a second peak in J u n e of 1997
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occurred i m m e d i a t e l y a f t e r the h igh elevation snowmelt was comple t e . Thesecond Phase III s a m p l i n g was conducted on May 29 and 30 dur ing the ri s ingl i m b of the stream h y d r o g r a p h when the stream d i s charge ranged f r o m 30 cfs to40 cfs (Figure 5-19). During the s a m p l i n g on May 29, there was a rain event anda rain s a m p l e was c o l l e c t ed at the FG-9 stream site for i so tope analyses.
The oxygen i so tope compos i t i ons (8 1 8O) of the snow in March and May of 1997
ranged from -19.4%o to -23.6%o. The March 1996 snow at MW-9 had an 518O
compo s i t i on of -27.2%o. The 1997 snow s a m p l e s were also s t a t i s t i c a l l y lower inoxygen isotope composit ions than the mine water, bedrock and a l l u v i a l ground-water, a n d French Creek. T h e Phase I I I snow s a m p l i n g conf irmed t h e Phase Iconclus ions that there was s u f f i c i e n t contrast between snow melt waters and themine, ground , and stream waters in F r e n c h G u l c h to conduct m e a n i n g f u l massbalance c a l c u l a t i o n s d u r i n g s p r i n g snow melt events.
The May 1997 stable i s o t ope results for the Phase I and II s a m p l e s have beenp l o t t e d with the g l o b a l MWL in F i g u r e 5-22. As with the March 1997 base l inere su l t s , al l of the s a m p l e s p l o t t e d below the g l o b a l MWL. The mine G r o u p #1i n c l u d e d the same s a m p l i n g locat ions as the March 1997 base l ine re sul t s withthe a d d i t i o n of MW-3 and MW-14. T h e r e were no s i g n i f i c a n t s h i f t s in the oxygeni s o t ope c ompo s i t i on s for the mine g r o u p between the March basel ine c o n d i t i o n sand the h i g h f l o w May condi t i ons ( F i g u r e s 5-18 and 5-22). The lack of a s h i f ttowards the l i g h t e r or lower 518O snow suggest s that the s p r i n g recharge waterthat was d r i v i n g the rise in the W-O mine pool did not or ig inat e d i r e c t l y f r om snowmelt i n f i l t r a t i o n above the mine workings. In contrast, the G r o u p #2 FrenchC r e e k / a l l u v i a l ground-water showed a s i g n i f i c a n t shift in the clean upstream site(FC@CB) and s l i g h t s h i f t s in the clean s h a l l o w a l l u v i a l ground-water (MW-9)l o ca t ion and the downstream locat ions (FG-7 and FG-8) towards the 5 1 8O-poorsnow melt. T h i s would suggest that the h igh elevation snowmelt waters werei n f l u e n c i n g the ups tream areas of F r e n c h G u l c h whi l e the downstream lo ca t i on swere being dominated by regional bedrock ground-water and/or mine waterdi s charge . It is p o s s i b l e that the 518O-rich rain event on May 29 may havemasked some of the surface water s h i f t s towards the 81 8O-poor snowmelt.
The greater up-va l l ey i n f l u e n c e of snowmelt in French Creek was alsodemonstrated with t h e Phase I I I s u p p l e m e n t a l stream s a m p l i n g locations. F i g u r e5-23 i s a p l o t o f a l l the Phase III i s o tope result s f or stream s a m p l e locat ions in theMarch ba s e l ine condi t i on s and May h igh f l o w condi t ions . The two lo ca t ions withthe greatest s h i f t s towards the 818O-poor snowmelt were the clean FG-1 andF C @ C B locat ions . FG-1 was located over 1.25 mi l e s ups tream of the W-O site.F C @ C B ( F r e n c h Creek above County Boy M i n e ) was located i m m e d i a t e l yu p g r a d i e n t o f t h e 11-10 F a u l t ( F i g u r e 5-3). T h e U S G S S a l t Tracer s tudydocumented s i g n i f i c a n t f l o w increases and metal l o a d i n g in F r e n c h Creek belowthe 11-10 and B u l l h i d e f a u l t s (Kimball e t . al., 1997). T h i s f l o w increase wasint erpre t ed to be due to bedrock ground-water d i s charge f r o m the f a u l t s and
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a l l u v i a l and p lac er ground-water di s charge. The contaminated TS-4 stream-s a m p l i n g site was j u s t downstream of the B u l l h i d e Faul t . The TS-4 l o ca t i on andsubsequent downstream locat ions F G - 7 , F G - 8 , a n d F G - 9 d i s p l a y e d s m a l l e r s h i f t stowards the 51 8O-poor snow melt compared to the upstream locations for theMay s a m p l i n g event (Figure 5-23). T h i s would sugge s t that there was a greateri n f l u e n c e of regional bedrock ground-water a n d / o r mine water d i s charge toF r e n c h Creek below the 11-10 and B u l l h i d e f a u l t s than the ups tream sites.
M i x i n g m o d e l s us ing a -20%o oxygen i s o t ope c o m p o s i t i o n for the snow meltc a l c u l a t e d over a 50% snow melt contribut ion to stream f l o w above the 11-10Fault and le s s than 15% snow melt contr ibut ion to stream f l o w below the B u l l h i d eF a u l t .
5.6 I s o t o p e and M e t a l Concentrations T r e n d s

5.6.1 S u p p l e m e n t a l Phase il l Ground-water and M i n e Locations
5.6.1 a Oro M i n e S h a f t
The Oro Mine s h a f t was s a m p l e d for s tab l e i s o t op e s in J a n u a r y of 1997 as partof the low f l o w mine characterization study (RAS, 1997a), in May of 1997 as parto f t h e Phase I I I s tab l e i s o t ope inve s t iga t ion, a n d i n J u n e 1998 a s part o f t h e h i g hf l o w mine characterization study. The s table i s o t ope re sul t s for the Oro minepool is also discussed in section 7 of th i s report. The present d i s cu s s i on ofstable i sotopes focuse s on the 1997 results.
The 1997 winter s a m p l i n g was a c c ompl i s h ed with a d i s cre t e po in t s a m p l e r at ad e p t h of 116 f e e t below the surface. The May s a m p l i n g was a c c ompl i s h ed with abai ler at a p p r o x i m a t e l y 68 f ee t below the surface. T h i s d e p t h corresponded tothe top of the mine pool water at the time of s a m p l i n g . F i g u r e 5-24 is acompari son of the Oro M i n e s h a f t and #3 M i n e s h a f t oxygen s tab l e i sotope andselected total recoverable metal concentration result s for 1997. The twom i n e s h a f t s exhibited d i f f e r e n t trends in metal concentrations and i sotope
s ignature. The oxygen i s o t op e s for the #3 M i n e were constant (-18.5%o) w h i l ethe top of Oro M i n e pool d i s p l a y e d a s i g n i f i c a n t s h i f t between low and h i g h f l o w
condi t i ons . The -19.0%o 818O value for the J a n u a r y s a m p l i n g sugges ted that thetop of the Oro M i n e pool had a greater i n f l u e n c e over time f r o m 6 1 8 O-poor snowmelt than the #3 M i n e s h a f t water. The May s a m p l i n g of the Oro Mine s h a f t
showed a s h i f t to more 818O-rich (-17.6%o) water. It is p o s s i b l e that the r e l a t i v e l y
518O-rich rain event dur ing the May s a m p l i n g event, which was -17.0%o in S18Oc o m p o s i t i o n , a n d / o r recharge f rom 818O-rich bedrock ground-water, werer e s p o n s i b l e f or th i s large compos i t i onal s h i f t f or the Oro s h a f t mine poo l . Thelack o f s h i f t s towards 8 1 8O-poor snowmelt d u r i n g the s p r i n g f l o w surge i m p l i e sthat water f r o m direct snowmelt i n f i l t r a t i o n is not a s i g n i f i c a n t recharge source tothe mine poo l .
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5.6.1 b MW-2
The metal contaminated moni tor ing well MW-2 was comple t ed at the base of thea l l u v i u m and top of the p o r p h y r y bedrock in the south mill t a i l i n g s area due southof the #3 Mine site. F i g u r e 5-25 is a p l o t of oxygen s table i s o t ope and selectedtotal recoverable metal concentration trends for the 1997 baseline and high f l o w
s a m p l i n g events. The baseline oxygen isotope signature of -18.2%o suggeststhat th i s well's water was composed of a mixture of W-O mine water anda l l u v i a l / b e d r o c k ground-water ( F i g u r e 5-18). The May s a m p l i n g event showed a
s l i g h t 818O-poor s h i f t to -18.5%o. T h i s s l i gh t s h i f t could be the result of mixingwith a r e l a t i v e l y greater amount of contaminated mine pool water a n d / o r cleana l l u v i a l ground-water that had been i n f l u e n c e d by snow melt s i m i l a r to theu p g r a d i e n t French Creek F C @ C B s a m p l i n g site (Figure 5-18). The lower Cd andZn concentrations for the May s a m p l i n g event suggest d i l u t i o n with clean ground-water. The h igh er Fe concentrations in May could i m p l y an a d d i t i o n a l source ofFe i n d e p e n d e n t f r om the W-O mine p o o l , p o s s i b l y the roaster f i n e s a n d / o r mi l lt a i l i n g s .
5.6.1 c M W - 1 1
T h i s clean background monitoring well upgradient f rom the #3 Mine site has adual screen c o m p l e t i o n in the shale bedrock and a l l u v i u m . During low f l o wc ond i t i on s the water level in this well is below the a l l u v i u m screen. F i g u r e 5-26 isa p l o t of oxygen s table isotope and selected total recoverable metalconcentration trends for the 1997 base l ine and h igh f l o w s a m p l i n g events. The
base l ine oxygen i so tope s ignature of -17.6%o sugges t s that th i s well wascomposed p r e d o m i n a n t l y o f a l l u v i a l / b e d r o c k ground-water (Figure 5-18). The
May s a m p l i n g event showed a s l i gh t 818O-poor s h i f t to -18.0%o. The increase inmetals associated with this s h i f t sugges t s a s l i gh t mixing with 51 8O-poor minewater a n d / o r i n f i l t r a t i o n of 81 8O-poor snowmelt that leached metal s f r om sur fa c es p o i l p i l e s .
5.6.1 d MW-12
T h i s clean background monitoring well upgrad i en t f r om the #3 Mine site has ap o r p h y r y bedrock c ompl e t i on . F i g u r e 5-27 is a p l o t of oxygen s tab l e i s o tope andselected total recoverable metal concentration trends for the 1997 ba s e l ine and
h igh f l o w s a m p l i n g events. The baseline oxygen i so tope s ignature of -18.0%osuggests that this well was composed of either a mixture of 8 O-poor W-O minewater and bedrock ground-water or bedrock ground-water that had beeni n f l u e n c e d by local 81 8O-poor snow melt (Figure 5-18). The very low metalconcentrations in this well do not suppor t any W-O mine water in f luence . The
May s a m p l i n g event showed a very s l igh t 6 1 8O-poor s h i f t to -18.1< 0̂ with nos i g n i f i c a n t increases in metal concentrations. It is p o s s i b l e that the bedrockground-water in thi s May s a m p l i n g was being i n f l u e n c e d by 81 8O-poor snowmelt.
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5 . 6 . 1 e M W - 1 3
The metal contaminated moni tor ing well M W - 1 3 has a shale bedrock c o m p l e t i o nin the v i c in i ty of the roaster f i n e s and mine waste sur face p i l e s . F i g u r e 5-28 is ap l o t of oxygen s tab l e i s o t ope and selected total recoverable metal concentrationtrends for the 1997 basel ine and h i g h f l o w s a m p l i n g events. The base l ine
oxygen i s o t o p e s ignature of -17.3%o sugge s t s that t h i s well was p r e d o m i n a n t l ycomposed of bedrock ground-water ( F i g u r e 5-18). The May s a m p l i n g eventshowed a s i m i l a r 818O value. The metal concentrations in t h i s wel l were ordersof m a g n i t u d e greater than the W-O mine pool concentrations (Figure 5-24). Theoxygen i so topes were very s imilar to the roaster f i n e s (SBRF-3) ( F i g u r e s 5-18and 5-22). C o n s e q u e n t l y , the source of metal contaminat ion in th i s well hasbeen interpreted to be leachate f r o m the roaster f i n e s and mine waste p i l e s .
5.6.1 f W T L - 0 2
The U.S. Bureau of Reclamation in the fal l o f 1996 d r i l l e d the W T L - 0 2 moni tor ingw e l l . T h i s well i s a s h a l l o w mill t a i l i n g s c o m p l e t i o n with a screen interval f r o m14.1 f e e t to 19.1 f e e t below sur face (BOR, 1997a). W T L - 0 2 was s a m p l e d fors t ab l e i so tope inve s t igat ions in J a n u a r y of 1997 as part of the minecharacterization s tudy (RAS, 1997a) and in May of 1997 as part of the Phase 111s tab l e i s o t op e inves t igat ion. F i g u r e 5-29 is a p l o t of oxygen s tab l e i s o t op e andselected total recoverable metal concentration trends for the 1997 baseline and
high f l o w s a m p l i n g events. The base l ine oxygen i s o t ope s ignature of -18.9%osugges t s that t h i s well was p r e d o m i n a n t l y composed of W-O mine water (Figure5-18). This 818O value was s l i g h t l y lower than t y p i c a l values of mine waterobserved f rom the #3 Mine . The J a n u a r y s a m p l i n g of t h i s wel l was p e r f o rmedd u r i n g a near blizzard snowstorm. The 8 1 8O-poor snow may have s l i g h t l ycontaminated the i s o t op i c compos i t ion of thi s well when the w e l l h e a d was leftopen d u r i n g p u r g i n g . The May s a m p l i n g event showed a s i g n i f i c a n t 518O-rich
s h i f t to -17.5%o with r e la t iv e ly smal l changes in metal concentrations. T h i s May818O value i m p l i e s s i g n i f i c a n t mix ing with a clean a l l u v i a l ground-water sourceuncontaminated by snow melt or sur face i n f i l t r a t i o n f r o m the 818O-rich rain event
(-17.0%o) that occurred the day prior to s a m p l i n g .
5.6.1 g WRO-1
The U . S . Bureau of Reclamation in the fall of 1996 also d r i l l e d the WRO-1moni tor ing we l l . T h i s well was a s h a l l o w roaster f i n e s c o m p l e t i o n with a screeninterval f r o m 14.1 f e e t to 18.1 fee t below ground sur face (BOR, 1997a). T h i s wellwas not s a m p l e d d u r i n g low f l o w condi t i ons because it was dry. A compari sonwith the May s a m p l i n g re sul t s for the WRO-1 well and the roaster f i n e s soilboring (SBRF-3) showed s imi lar metal l ev e l s and i s o t o p i c c ompo s i t i on s f r o m
-17.2s^0 to -17.70^ ( F i g u r e 5-30). T h i s would suggest that the source of thewater in the saturated por t i on of the roaster f i n e s was the a l l u v i a l / b e d r o c k
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ground-water and the h i g h metal l eve l s were due to leachate f r om the roasterf i n e s (Figure 5-18). The roaster f i n e s metal s concentrations were al so orders ofm a g n i t u d e greater than the mine water concentrations (Figure 5-24).
5.6.1 h 1121 S e e p
The 1121 contaminated seep was located at the base of the d r e d g e t a i l i n g sdowngradient of the W-O site. F i g u r e 5-31 is a p l o t of oxygen stable i sotope andselected total recoverable metal concentration trends for the 1997 ba s e l ine and
h i g h f l o w s a m p l i n g events. The oxygen i s o t op e s ignature o f -18.0%o sugge s t sthat t h i s seep was composed of a mixture of W-O mine water and FrenchC r e e k / a l l u v i a l ground-water (Figure 5-18). The mine water source forcontamination appears to be suppor t ed by the relative proport ions of metal ( C d ,Zn, and Fe) concentrations in the seep which d i s p l a y a s i m i l a r pa t t ern to the #3and Oro mine water ( F i g u r e s 5-24 and 5-31).
5.6.1! F G - 6 D S e e p
The F G - 6 D seep was located in the v i c in i ty of h i g h l y contaminated seeps a longF r e n c h G u l c h Road, i n c l u d i n g the F G - 6 C seep. FG-6D was observed d u r i n g theEPA s a m p l i n g s tudies to have lower metal and s u l f a t e concentrations than thenearby seeps (EPA, 1996a and 1996b). F i g u r e 5-32 is a p l o t of oxygen s tablei s o t ope and selected total recoverable metal concentration trends for the 1997
ba s e l ine and h i g h f l o w s a m p l i n g events. The oxygen i s o t ope s ignature of -17.8%osugge s t s that t h i s seep was p r e d o m i n a n t l y composed of a l l u v i a l ground-water( F i g u r e 5-18). In contrast, the FG-6C seep had metal concentrations andi s o t o p i c s ignature s s i m i l a r to the W-O mine water. M e t a l s concentrations for theF G - 6 D seep were much lower than the W-O mine water and the other seeps inthe area. The lower concentrations are p r o b a b l y due to d i l u t i o n with r e l a t i v e l yclean a l l u v i a l ground-water ( F i g u r e s 5-24 and 5-32).
5.6.1 j F G - 1 5
T h i s was a USGS s a m p l i n g site used d u r i n g the July 1996 salt tracer s tudy(Kimball et. al . , 1997). The salt tracer s tudy i d e n t i f i e d the F G - 1 5 site as one ofthe most contaminated p o o l s or i n f l o w s to F r e n c h Creek. F G - 1 5 was located onthe north bank of the creek ju s t below the trace of the 11-10 Fault. The salttracer s t u d y concluded that the metal and s u l f a t e contamination in thi s pooloriginated f rom the W-O mine and were discharged to the pool via 11-10 f a u l tseepage. F i g u r e 5-33 is a p l o t of oxygen s table i so tope and selected totalrecoverable metal concentration trends for the 1997 baseline and high f l o w
s a m p l i n g events. The March base l ine oxygen i so tope s ignature of -17.8%o andlow metal concentrations suggest that t h i s seep was p r e d o m i n a n t l y composed ofclean French Creek and a l l u v i a l ground water (Figure 5-18). The May s a m p l i n g
event showed a s l i g h t 81 8O-poor s h i f t to -17.93fl^ 0 and a s i g n i f i c a n t increase in Cdand Zn concentrations. The Cd and Zn concentrations are s imilar to f a u l t waterconcentrations ca l cu la t ed in the review of the salt tracer s tudy (see section 4 of
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th i s report). T h e s e data would suggest that the source of s p r i n g h i g h f l o wc on taminat i on in th i s seep was the W-O mine pool and the pathway was the 11-10 Fault.

5.6.2 Phase I and II S a m p l e Locations
F i g u r e s 5-34 through 5-38 summarizes the metal concentrations and oxygeni s o t op e trends for s a m p l i n g locat ions associated with the i s o t o p i c G r o u p #1 minewaters c on s i s t en t ly s ampl ed in the three i s o tope inve s t iga t i on phases. F i g u r e s 5-39 t h r o u g h 5-43 summarize the metal concentrations and oxygen i so tope trendsfor s a m p l i n g l o ca t i on s associated with i s o t op i c G r o u p #2 F r e n c h Creek anda l l u v i a l ground waters. W i t h t h e except ion o f t h e K e n n y Dog S p r i n g (KDS)s a m p l e s (Figure 5-38), all the l o ca t i on s in f erred to be dominat ed by mine waterhave very h i g h selected metal concentrations. The mine water metalconcentrations ( F i g u r e s 5-34 through 5-37) are several orders of m a g n i t u d egreater than the observed concentrations associated with the French Creek andclean background a l l u v i a l ground-water ( F i g u r e s 5-39 through 5-43) and the KDSs a m p l e s ( F i g u r e 5-38).
The water s a m p l e d d i r e c t l y f r o m the W-O mine p o o l , M i n e Shaft Rel i e f Well #3(MSRW-3) and the #3 M i n e s h a f t , d i s p l a y e d peak concentrations d u r i n g the h ighf l o w c o n d i t i o n s , which is e s p e c i a l l y evident with Cd concentrations (Figure 5-34).A s i m i l a r trend is g e n e r a l l y d i s p l a y e d in s a m p l e s f r o m the mine seep F G - 6 C( F i g u r e 5-35) and the a l l u v i a l monitoring well MW-3 i m m e d i a t e l y downgrad i en t ofthe B u l l h i d e F a u l t ( F i g u r e 5-36). The increase in Fe concentrations in July forF G - 6 C and MW-3 i m p l i e s an a d d i t i o n a l Fe source for these l o ca t ions not d i r e c t l yrelated to the mine water. The mine site shale bedrock well M W - 1 6 shows fairlyconsistent concentration l eve l s for the selected meta l s (Figure 5-37).
The F r e n c h Creek s a m p l e s a t FG-7 location ( F i g u r e 5-39) con s i s t en t ly d i s p l a yhigher selected metal concentrations than the other creek s a m p l e s ( F i g u r e s 5-40t h r o u g h 5-43). M e t a l concentrations decreased d u r i n g the J u n e s a m p l i n g eventsfor the F G - 7 s a m p l e s due to d i l u t i o n caused by increased d i s charge associatedwith high f l o w condi t ions ( F i g u r e 5-39). Most of the stream sites d i s p l a y e d minors h i f t s towards 6 1 8 O-poor snowmelt d u r i n g the s p r i n g t i m e f l o w surges. T h e s es tab l e i so tope trends sugge s t s that a s i g n i f i c a n t por t i on of the increase in s p r i n gd i s charge was due to regional bedrock ground-water i n f l o w and not snowmeltr u n o f f to the stream. The only stream site that showed a s i g n i f i c a n t s p r i n g t i m esnowmelt i n f l u e n c e was F G @ C B in May of 1997 (Figure 5-42).
The h ighe s t concentrations of metals in the s tudy were f o u n d in ground-waters a m p l e s co l l e c t ed f rom the roaster f i n e s (Figure 5-43). The i so tope trends alsosuggest that the source of the water in the saturated p o r t i o n s of the roaster f i n e sis a l l u v i u m and bedrock ground-water and not local i n f i l t r a t i o n of snow melt orunderground mine water.
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5.7 Summary and Conc lu s i on s
The i so tope s tud i e s demons trat ed that snow melt waters associated with thelocal mine site area and h i g h elevation F r e n c h Creek headwaters region were18O d e p l e t e d compared to the mine, sur face , and ground waters in the F r e n c hG u l c h val l ey. The oxygen and hydrogen i s o t o p i c u n i f o r m i t y of the mine, s ur fa c e ,and ground waters during low and high f l o w conditions in the French G u l c h va l l eysuggest that direct snow melt i n f i l t r a t i o n o n l y contributed a smal l p r o p o r t i o n of thewater re spons ib l e for:
1. the spr ing t ime increased f l o w in French Creek below the mine site and2. water level rises in the ground-water and mine p o o l .
The water f l o w i n g in F r e n c h Creek d u r i n g the J u n e crest had i s o t op i ccompos i t ions comparable to a l l u v i a l and bedrock ground-water. T h e s e waterswere also i s o t o p i c a l l y s i m i l a r to the mine pool waters. A l t h o u g h the s t ab l ei s o t o p i c c o m p o s i t i o n s were g e n e r a l l y u n i f o r m , there were smal l but consistentd i f f e r e n c e s between the mine water i s o t op i c compos i t i ons and French Creek anda l l u v i a l / b e d r o c k ground-water i s o t op i c compos i t i ons . S e l e c t e d metalconcentrations (Cd, Zn , and Fe) were elevated and showed s imi lar trends overtime for the s a m p l e s i d e n t i f i e d by their i s o t op i c s ignature as mine water with theexception of the Kenny Dog S p r i n g (KDS) samples and the shale bedrock (MW-16) s ampl e s . T h e s e s a m p l e s had lower metal concentrations that were r e l a t i v e l yconstant over time sugge s t ing that they were p a r t i a l l y isolated f rom the W-Ounderground mine c o m p l e x or metal s were n a t u r a l l y a t t enuated.
Metal l o a d i n g f r om f a u l t s eepage at the mine site and ground-water seepsdowngradi en t f r o m the site appeared to originate f r om the mine poo l . Thei s o tope s ignature f r o m ground-water associated with the 11-10 Fault and thestream sites above the W-O site d i s p l a y e d the greatest s h i f t s in compos i t i ons .T h i s sugges t s that snow melt r u n o f f has a greater i n f l u e n c e on the upgradi entp o r t i o n s of French Creek. It appear s that the bedrock ground-water associatedwith the 11-10 Fault d i s p l a y s a delayed response f r o m upgradient snowmelt thatrecharges the regional bedrock ground-water system. There may be somei n f l u e n c e on the 11-10 F a u l t by direct snowmelt i n f i l t r a t i o n . The isotope datashowed that the W-O mine pool and bedrock ground-water d i s charge i n f l u e n c e scontaminated a l l u v i a l ground-water between the 11-10 and B u l l h i d e f a u l t s andseeps and stream sites downgradi en t of the f a u l t s . The lack of W-O mine waters h i f t s towards the 18O-poor snowmelt d u r i n g the s p r i n g f l o w surge indicate s thatdirect snowmelt infiltration above the mine workings is not a major source andpathway for recharge water to the underground mine. There were a c t u a l l y s l i g h ti so topic s h i f t s in the mine water during the spring f l o w surges towards ther e l a t i v e l y 18O-rich bedrock ground-water. T h i s suggest that regional bedrockground-water that is recharged by headwater snowmelt is the recharge sourceand pathway to the underground mine workings. Faults that cut the mine
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workings, e s p e c i a l l y the u p g r a d i e n t eastern por t i on of the workings, are p r o b a b l ythe ma jor pathways of bedrock ground-water into the W-O mine.
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6.0 M i n e Pool and Ground Water Level M o n i t o r i n g S t u d y
6.1 Abstract
Water levels for the #3 Mine pool, alluvial aquifer and fractured shale bedrock inthe vicinity of the #3 Mine site were continuously monitored with an automateddatalogging system from July 11, 1996 to May 22, 1997. The #3 Mine, alluvialaquifer and the Oro Mine shaft were also continuously monitored from late March1998 to September 2, 1998. United States Geological Survey (USGS) dischargegage data on French Creek and climatic data from nearby weather and snowsurvey stations were integrated with the water level data. These studiesevaluated the hydrologic responses to spring snowmelt and storm events andassessed the hydrologic connection between the mine pool, ground-watersystems and French Creek. The 1996/1997 study was funded by anEnvironmental Protection Agency (EPA) Region VIII Headwaters Grant to theState of Colorado Division of Minerals and Geology and an EPA interagencyagreement with the United States Bureau of Reclamation (BOR).
The monitored water levels suggest that the fractured shale bedrock and alluvialaquifer at the mine site are acting as one hydraulically connected unit that iscommunicating with the mine pool. The hydraulic properties of the fracturedbedrock and faults appear to control the rate of mine inflow and outflow. Thewater levels indicate that mine pool water was flowing at a relatively constant ratethroughout the monitoring periods into the alluvium and fractured shale bedrockat the #3 Mine site.
The W-O underground mine workings accommodate spring high flow conditionsby:

(1) increased discharge area,(2) rising mine pool levels, and(3) prolonged peak water levels and extended drainage periods after highflow conditions.
The initial rise of the mine pool and ground water levels in late March and April of1997 and 1998 appeared to be driven by local site snowmelt. The rise in Mayand June of 1997 and 1998 was driven by the snowmelt associated with the highelevation French Gulch headwater region and the more protected areas abovethe Wellington workings. Because the geometry and associated water volumesfor mine water elevations are unknown, it is difficult to assess the volumecontribution of the various recharge sources. The significant increase in FrenchCreek discharge in May and June of 1996, 1997 and 1998 was also attributed tosnowmelt in the high elevation headwater region. Individual storm events andpeak discharges on French Creek had no effect on the ground and mine poolwater levels.
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This study has concluded that:

(1) there are minimal direct pathways for surface water, French Creek,and snowmen to enter the Oro or Wellington mine workings;(2) infiltration of snowmelt above the mine workings is not a major sourceand pathway of recharge water to the W-O mine pool;(3) spring snowmelt is recharging the bedrock ground-water system,(4) the mine pool is being recharge by lateral and deep ground-water flowvia the fractured bedrock and fault systems,(5) the major pathway of mine recharge water is most likely upgradientmine workings that intercept lateral and deep regional bedrock ground-water flow, especially flow associated with fault systems (i.e. GreatNorthern/J fault system);(6) the volume of water from storm events was very small compared to theground-water system, snowmelt, and the mine pool, and(7) the alluvial ground-water and French Creek are probably minorsources of recharge water to the mine pool.

6.2 I n t r o d u c t i o n
The purpo s e of moni tor ing the ground water l e v e l s at the W e l l i n g t o n - O r o (W-O)mine site was to:

(1) determine the vertical f l o w and direc t ion of f l o w between the mine p o o l ,a l l u v i a l a q u i f e r and the shale bedrock d u r i n g d i f f e r e n t seasonal f l o wregimes;(2) determine the h y d r o l o g i c response of the mine pool and a l l u v i a l andf rac tured shale a q u i f e r s d u r i n g s p r i n g snowmelt and storm events;(3) assess the h y d r o l o g i c connection between the mine p o o l , a q u i f e r s , andF r e n c h Creek; and(4) de termine the source of recharge water into the mine poo l .
The mon i t o r ing occurred d u r i n g 1 9 9 6 , 1 9 9 7 , and the s p r i n g and summer of 1998.T h i s s tudy was f u n d e d by an EPA Headwater s Grant to the State of ColoradoDivis ion of M i n e r a l s and G e o l o g y (DMG) and an interagency agreement betweenthe Environmental Protec t ion Agency (EPA) and the U n i t e d Sta t e s Bureau ofReclamation (BOR).
6.3 M e t h o d o l o g y
For the 1996/1997 moni tor ing , a C a m p b e l l data l o g g e r and encoders with amanual f l o a t and counter weight system were i n s t a l l e d in the #3 Mine s h a f t , thes h a l e bedrock moni tor ing well MW-17 and the a l l u v i a l moni tor ing well MW-18(Figure 6-1 a). T h i s system recorded hourly water l eve l s f r o m July 11, 1996 to
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May 22, 1997. T h i s time interval represents the dura t i on when these w e l l s werenot f l o w i n g . The BOR leased the data l o g g e r and encoders and purchaseds u p p o r t i n g equ ipment f r o m t h e U n i t e d S t a t e s G e o l o g i c a l Survey H y d r o l o g i cI n s t r u m e n t a t i o n F a c i l i t y ( H I F ) .
The 1998 moni t or ing involved an In-Situ Inc. da ta l o g g e r with pressuretransducers that c o n t i n u o u s l y monitored water l ev e l s on the #3 Mine s h a f t andthe a l l u v i a l moni tor ing well MW-18 (Figure 6-1 a). The bedrock shale well MW-17was not monitored d u r i n g the 1998 s tudy because the 1 9 9 6 / 1 9 9 7 data showed itto mimic the a l l u v i a l well MW-18 water l eve l s . The data l o g g e r recorded waterleve l s every two hours. ACS leased thi s equ ipment to the BOR. In contrast tothe 1996-1997 water level s tudy, the #3 Mine and MW-18 never went artesian in1998. The 1998 moni tor ing also i n c l u d e d the Oro m i n e s h a f t water l eve l s andtemperatures at three d i f f e r e n t d e p t h s . The Oro Mine s h a f t was cont inuous lymonitored at 12-hour intervals . T h i s was a c c ompl i sh ed with a BOR s u p p l i e dC a m p b e l l data logger, pressure transducers, and thermocouples. In a d d i t i o n tothe continuous data l o g g i n g , the 1998 s tudy i n c l u d e d m a n u a l l y measured waterlevels on the m i n e s h a f t s and all ground-water monitoring we l l s over a weekly tob i m o n t h l y basis. The 1998 monitoring period was f r o m March 24, 1998 toSept ember 2, 1998. The 1998 study was f u n d e d through an EPA interagencyagreement with the BOR. The BOR contracted AGS to conduct the 1998monitoring.
C l i m a t i c data were integrated with the water level hydrographs . Data sourcesi n c l u d e d :
• U.S. Department of Commerce N a t i o n a l Oceanic and A t m o s p h e r i cA d m i n i s t r a t i o n ( N O A A ) N a t i o n a l Weather Service D i l l o n Weather S t a t i o n(NOAA, 1996, 1997 and 1998),• U.S. Depar tment of A g r i c u l t u r e N a t i o n a l Resources Conservat ion Service( N R C S ) Water a n d C l i m a t e Center H o o s i e r Pass snow survey station ( N R C S ,1997 and 1998),• F r e n c h Creek d i s charge da ta f r om the U n i t e d Sta t e s G e o l o g i c a l Survey(USGS) gage on F r e n c h Creek be fore i t enters the Blue River (USGS, 1996,1997, and 1998); and a• Snow survey in the v i c i n i t y of the W e l l i n g t o n - O r o M i n e and Mill site (Brooks,1998).
Denver Water s u p p l i e d NOAA weather data for the D i l l o n weather station atDil l on Reservoir. The Dil l on station i s t h e closest d a i l y c l i m a t i c data a v a i l a b l e f orthe s tudy area ( F i g u r e 6-1 b). T h i s station is at a location a p p r o x i m a t e l y 10 milesnorth of French G u l c h and an e levat ion of a p p r o x i m a t e l y 8900 f e e t . The weatherstation is over 800 fee t lower in elevation than the study area, but was used int h i s s tudy to a p p r o x i m a t e the c l ima t i c c ond i t i on s of the s tudy area. Thisapprox imat i on is probab ly valid for winter storms and spr ing snowmelt since theytend to be regional events. S u m m e r storm events may be more l o ca l i z ed and
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could present prob l ems in using the D i l l o n s tation da ta , a l t h o u g h m u l t i - d a ysummer wet p er i od s (frontal weather sys tems) are p r o b a b l y regional events andcan be used in a qual i tat ive manner to estimate cl imatic condi t ions at the s tudyarea. The m a j o r i t y of the W-O site has a southern exposure that maycompensate for the e l evat ion d i f f e r e n c e between the lower Dillon station and theh i g h e r expose W-O site.
The H o o s i e r Pass snow survey station is located a p p r o x i m a t e l y 8.5 mi l e s southof the s tudy area and is at an elevation of 11,400 f e e t , which is over 1,430 f e e th i g h e r than the s tudy area (Figure 6-1 b). The data f r om th i s s ta t ion most l i k e l yrepresents the c ond i t i on s of snow pack and t emperature for the u p p e r F r e n c hG u l c h Basin or headwaters u p - v a l l e y f r o m the s tudy area. T h i s s ta t ion may alsoa p p r o x i m a t e the more protected and h igher e l evat ions a l o n g the east-west r idgeabove the X 1 0 U 8 site and the W e l l i n g t o n M i n e workings. In contrast to theNOAA snow pack data at the D i l l o n s tation that records snow d e p t h , the NRCSH o o s i e r s tat ion records water equivalent content of the snow pack. In the winterand s p r i n g of 1998 the EPA commissioned a snow survey over the W-O site andthe areas that i n c l u d e d the east-west r idge above the X 1 0 U 8 site and theW e l l i n g t o n M i n e workings (Brooks, 1998).
6.4 S u m m a r y of Resul t s

6.4.1 1996-1997 M o n i t o r i n g S t u d y Cont inuou s D a i l y WaterLevels
F i g u r e s 6-2 t h r o u g h 6-12 are d a i l y water l eve l s for the 1996-1997 moni tor ings tudy p l o t t e d by month for the mine pool (#3 M i n e Shaf t), a l l u v i a l a q u i f e r (MW-18), and the f rac tured shale bedrock (MW-17). I n c l u d e d in these f i g u r e s werec l ima t i c data f r o m the Dillon Weather S t a t i o n (NOAA, 1996 and 1997) andF r e n c h Creek d i s charge data f rom the USGS gage on F r e n c h Creek be fore i tenters the Blue River (USGS, 1996 and 1997). For consi s tency, the ground-water l e v e l s p l o t t e d in F i g u r e s 6-2 through 6-12 were derived f r o m m i d n i g h treadings .
Ground water level moni tor ing began on July 11, 1996 (Figure 6-2). The s t eadyd e c l i n e in water l eve l s and French Creek d i s charge d u r i n g th i s period representst h e f a l l i n g l i m b o f t h e h y d r o g r a p h a f t e r t h e s p r i n g snowmelt. T h e U S G S F r e n c hCreek gage on July 11 indi ca t ed a d i s charge of 22 cubic f e e t per second (cfs).The F r e n c h Creek h y d r o g r a p h peaked at 80 cfs on May 25, 1996, and again onJ u n e 10,1996 ( F i g u r e 6-13).
The water level e levations d u r i n g July showed that the mine p o o l , represented bythe #3 M i n e Shaft, was over one (1) foo t h igher than the ground water level in thea l l u v i a l a q u i f e r at MW-18 (Figure 6-2). It i s believed that the f oo t p l u s d i f f e r e n c ein ground-water level e levation between the f rac tured shal e bedrock (MW-17)and a l l u v i a l a q u i f e r (MW-18) is l a r g e l y due to the s teep h y d r a u l i c grad i en t of 0.05
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to 0.1 ft/ft towards the south at the mine site (Morr i s s ey , 1994). F i g u r e 6-1 ad i s p l a y s the ground-water elevations for J u n e 1996 and the s t e ep gradient to thesouth. T h i s h y d r a u l i c grad i en t can not e x p l a i n the d i f f e r e n c e between the minepool and a l l u v i a l and shal e aqu i f er s . The d i f f e r e n c e s in ground-water h y d r a u l i chead remained f a i r l y consistent from July 1996 through Sep t ember 1996 ( F i g u r e s6-2 t h r o u g h 6-4). This mimick ing of water l eve l s for the mine p o o l , a l l u v i u m , ands ha l e sugge s t s that the frac tured shale bedrock and a l l u v i a l a q u i f e r are ac t ing asone h y d r a u l i c a l l y connected unit that is communicat ing with the mine poo l . Theh igher h y d r a u l i c head associated with the mine pool i m p l i e s that the mine poo lwaters are d i s charg ing into the a l luv ium and fractured shale.
During July and Augus t of 1996 the French Creek d i s charge , and ground andmine water l eve l s s t e a d i l y d e c l i n e d . Individual storm events did not a p p e a r toa f f e c t e i ther the ground and mine water l ev e l s , or F r e n c h Creek di scharge. A wetperiod during the end of August 1996 through Sep t ember 1996 a p p a r e n t l yleveled of f the French Creek di s charge that s t a b i l i z e d between f ive- (5) to e ight-(8) cfs. Some of these storms were snow events in late S e p t e m b e r . T h i s wetperiod did not a f f e c t the d e c l i n i n g ground-water and mine pool l eve l s in A u g u s t orS e p t e m b e r ( F i g u r e s 6-3 and 6-4).
In October 1996, the mine pool appear s to have s tab i l i z ed at an e levat ion of9874 f e e t wh i l e the a l l u v i a l and fractured shale a q u i f e r s water l eve l s continued tod r o p (Figure 6-5). Cons equen t ly , the head d i f f e r e n c e between the mine pool andthe a l l u v i a l a q u i f e r at MW-18 increased to nearly two f e e t . T h i s a p p a r e n tincrease in head d i f f e r e n c e was due to a prob l em with the #3 Mine s h a f t anddoes not represent the actual head d i f f e r e n c e between the W-O mine pool anda l l u v i a l a q u i f e r . I n m i d - N o v e m b e r , t h e mine pool l ev e l s r a p i d l y d e c l i n e d a n dreturned to the h y d r a u l i c head d i f f e r e n c e s that were observed prior to October1996 ( F i g u r e 6-6).
Subs equen t moni tor ing of the #3 M i n e s h a f t and the r e l i e f well (MSRW-3), andp u r g i n g of the #3 M i n e s h a f t in 1998 indicated that p l u g g i n g of the #3 M i n e s h a f tis r e s p o n s i b l e for the increase hydrau l i c head elevation. The s h a f t was casedwith 4" diameter PVC and staged grouted in 1992. The open-ended PVC casingwas a p p a r e n t l y open into the #3 Mine drift at 110 feet below ground surface (bgs)by i n j e c t i n g air into the casing w h i l e the bottom staged grout was curing.C o n f i r m a t i o n of the casing being opened into the drift level was a c c o m p l i s h e d bymoni t o r ing the r e l i e f wel l for a ir (Figure 6-5a). The purpo s e o f the grout s e a l i n gwas to prevent the shaft ' s mine water f r o m communica t ing with the a l l u v i u m .The grout ing may have s i g n i f i c a n t l y reduced the cased mineshaft's a b i l i t y tocommunicate with the drift level and mine pool and resul ted in p e r i o d i c p l u g g i n gby mine water pr e c ip i ta t e s . The p l u g g i n g of the #3 M i n e s h a f t is f u r t h e rdi scus sed in section 7 of th i s report.
The French Creek discharge in October 1996 s lowly dec l ined from 6-cfs to 3-cfs(Figure 6-5). In November 1996 the F r e n c h Creek h y d r o g r a p h a p p e a r s to have
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s t ab i l i z ed near b a s e f l o w cond i t i on s between 2- and 3-cfs ( F i g u r e 6-6). Theground water l e v e l s in the a l l u v i a l and shale moni t or ing w e l l s were st i l l d r o p p i n gat a slow rate in November of 1996.
The December 1996 d a i l y water l ev e l s i n c l u d e d the maximum d a i l y airt emperature recorded at the D i l l o n weather s tat ion ( F i g u r e 6-7). The snow packin December began to increase with f r equent storm events. The mine pool andground water l eve l s continued to d r o p s l o w l y w h i l e the F r e n c h Creek d i s chargeremained fairly constant at 2.5-cfs. A short three-day thaw a p p a r e n t l y occurredf rom December 8 to December 10. The mine pool and ground water l eve l s andF r e n c h Creek d i s charge did not a p p e a r to be a f f e c t e d by the snowmeltassociated with thi s thaw. In J a n u a r y of 1997, the snow pack was g e n e r a l l yincreasing throughou t the month with no major snowmelt events (Figure 6-8).The mine pool and ground-water l eve l s were c o n t i n u i n g to d r o p very s l o w l y w h i l ethe F r e n c h Creek d i s charge remained at b a s e f l o w c o n d i t i o n s of around 2-cfs. InF e b r u a r y of 1997, storm events were i n f r e q u e n t and the snow pack, F r e n c hCreek d i s c h a r g e , ground and mine pool water l ev e l s remained fairly constant( F i g u r e 6-9).
In March 1997, there was a major thaw at the lower v a l l e y e levat ions (Figure 6-10). Between March 9 and March 20 the snow pack at the Dillon weather stationc o m p l e t e l y melted out. On March 20 the a l l u v i a l and shale bedrock moni tor ingw e l l s began a r e l a t i v e l y rapid rise in water levels . Two days la t er , on March 22,the mine poo l water level began to rise. During th i s i n i t i a l rise in water l e v e l s thehead d i f f e r e n c e between the a l l u v i a l a q u i f e r and the mine pool was almoste l i m i n a t e d whi l e the d i f f e r e n c e between the shale and a l l u v i a l moni tor ing w e l l sremained constant. The e l i m i n a t i o n of h y d r a u l i c e l evat ion head between the #3M i n e and a l l u v i a l well was p o s s i b l y due to p a r t i a l p l u g g i n g of the #3 M i n e asprev iou s ly di scus sed. The F r e n c h Creek d i s charge s d u r i n g t h i s snow melt eventvery g r a d u a l l y increased f r o m b a s e f l o w cond i t i on s at 1.5-cfs to 3.7-cfs at the endof the month of March. T h i s major snow melt event was not evident at h i g h e re l evat ions above the s tudy area. F i g u r e 6-14 is a p l o t of the March 1997 d a i l ywater l eve l s and French Creek d i s charge with c l i m a t i c data f rom the H o o s i e rPass snow survey station (NRCS, 1997). The h i g h e r e l evat ion snow packa c t u a l l y increased s l i g h t l y d u r i n g the month of March and there was no evidencefor a m a j o r snow melt event (Figure 6-14).
The March 1997 snow pack at H o o s i e r Pass contained a p p r o x i m a t e l y 20 incheswater equivalent. Prior to the snow melt event at the Dillon station the maximumMarch snow d e p t h was around 15 inches. A p l o t of snow d e p t h versus snowwater equivalent for d i f f e r e n t months of the 1996-97 winter season a p p r o x i m a t e dbetween 3- and 4-inches of snow water equivalent for the 15 inch snow d e p t h att h e D i l l o n s ta t ion (per sona l comm., Mike G i l l e s p i e , N R C S , 1997). T h e same p l o ta p p r o x i m a t e d the d e p t h of the H o o s i e r Pass 20 inches water equivalent snowpack to be 62 inches or 5.17 f e e t snow d e p t h .
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The storm events in April 1997 added minor snow pack for short periods of timeat the D i l l o n weather station ( F i g u r e 6-11). In contrast, the h i g h e r e l evat ionH o o s i e r Pass snow pack was increasing in April ( F i g u r e 6-15). During the monthof April the F r e n c h Creek d i s charge very g r a d u a l l y increased f rom a p p r o x i m a t e l y3.5-cfs to 5.8-cfs with most of the increase occurring dur ing a warm period f romApril 17 to April 22 ( F i g u r e s 6-11 and 6-15). The April 1997 mine poo l andground water elevations leveled off dur ing a cold period from April 10 to April 17.The a l l u v i a l and sha l e moni tor ing w e l l s began to rise again with the subsequentwarm period a f t e r April 17. The mine pool stayed level at 9873.8 fee t from April10 to April 28 and a b r u p t l y increased to 9875.4 f e e t on April 29. The hour ly datafor thi s date showed that the increase occurred during a two-hour period. Asp r e v i o u s l y d i s cu s s ed , the s tab l e water l ev e l s f o l l o w e d by an abrupt rise in the #3M i n e was due to p l u g g i n g . After April 29, the head d i f f e r e n c e s between the minep o o l , a l l u v i a l a q u i f e r and shale bedrock at the mine site were very s i m i l a r to whathad been observed prior to the March 1997 rising water e levations ( F i g u r e s 6-10and 6-11). It is believed that the r i s ing water level s and p o s s i b l y increased minef l o w in April u n p l u g g e d the s h a f t and resulted in the rapid rise in water levels .

In early May 1997, th e F r e n c h Creek di s charge , mine p o o l , a l l u v i a l moni tor ingwell M W - 1 8 , and shale monitoring well MW-17 began to rise very q u i c k l y (Figure6-12). Most of this rise a p p e a r s to correspond to the snowmelt associated withthe h i g h e l evat ion snow pack at H o o s i e r Pass (Figure 6-16). The French Creekdi s charge s t o p p e d ri s ing and the H o o s i e r Pass snow pack s tab i l i z ed d u r i n g acool period f rom May 22 to May 28. By May 22, the #3 M i n e Shaft, MW-17 shalemoni tor ing w e l l , and the M W - 1 8 a l l u v i a l moni tor ing well had water l eve l s in theirs tand-up casing p i p e above ground level. The #3 M i n e Shaft appear ed to bel e a k i n g around its s tand-up casing p i p e which may e x p l a i n why its water levels tabi l ized whi le the a l l u v i a l and shale monitoring w e l l s continued to rise in theircasing s tand-up p i p e s (Figure 6-12). The automated water level moni tor ingequipment was d i smant l ed on May 22.
Monitor ing of the Oro Mine Shaft in J u n e 1997 indicated that the total mine poolrise f r om base l ine condi t i on s in March was a p p r o x i m a t e l y 20 f e e t . A p p r o x i m a t e l ythree fee t of this rise occurred in late March and early April that a p p a r e n t l ycorre sponded to the local W-O site snowmelt. The larger rise of over 14 f e e toccurred from late April to J u n e . T h i s second rise appear s to correlate with theh i g h e l evat ion headwater snowmelt. S n o w m e l t associated with the protectedareas and higher elevations above the W e l l i n g t o n workings and the XIOU8 sitemay have also contributed to the rise in late April and May. The F r e n c h Creekhydrograph peaked at a discharge of 124-cfs on J u n e 5 and had a secondarypeak of 89-cfs on J u n e 20 (Figure 6-17). N e i t h e r peak on the h y d r o g r a p h seemsto correlate with any storm events at the D i l l o n weather station. The f i r s t peak onJ u n e 5 a p p e a r s to correlate with a rapid d e c l i n e in the h igh e levation snow packat Hoosier Pass ( F i g u r e 6-18). The Hoos i er Pass snow pack had c o m p l e t e l ymelted by the second F r e n c h Creek peak on J u n e 20. The second peak mayrepresent a few day bedrock ground-water delayed response to the headwater
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snowmelt. The ground-water system sub s equ en t ly recharges the stream.

6.4.2 1998 Moni tor ing S t u d y Continuous D a i l y Water Levels
F i g u r e s 6-19 through 6-25 are d a i l y water l eve l s for the 1998 moni t or ing s t udyp l o t t e d by month for the mine pool (#3 M i n e s h a f t and Oro M i n e Shaft) and thea l l u v i a l a q u i f e r near the #3 M i n e (MW-18). T h e s e p l o t s also i n c l u d e d the weeklyto b i m o n t h l y water leve l measurements for the #3 M i n e s h a f t r e l i e f well M S R W - 3 .S i m i l a r to the 1996-1997 month ly p l o t s , F i g u r e s 6-19 t h r o u g h 6-25 contained theF r e n c h Creek d i s charge data and c l ima t i c data f r o m ei ther the D i l l o n Weathers ta t i on or H o o s i e r Pass snow survey s tat ion (USGS, 1998, NOAA, 1998, andNRCS, 1998). C o n t i n u o u s water level moni tor ing for the #3 M i n e s h a f t and MW-18 began on March 26, 1998 whi l e moni t or ing of the Oro M i n e s h a f t began onMarch 31, 1998 ( F i g u r e 6-19). The USGS F r e n c h Creek gage measurements inthe b e g i n n i n g of the month were near b a s e f l o w condi t i on s of 2-cfs. S i m i l a r to theMarch 1997 Dillon Reservoir c l ima t i c d a t a , there was a major thaw that meltedout the snow pack at the lower v a l l e y e levations in mid-March. The F r e n c hCreek d i s charge nearly doub l ed d u r i n g the March thaws. Water level moni tor ingwas not in i t ia t ed unt i l two weeks a f t e r the f i r s t major thaw. C o n s e q u e n t l y , it wasnot p o s s i b l e to d i r e c t l y observe mine and ground-water level responses to theMarch 1998 thaw per iod . A comparison with the March 1997 b a s e f l o w e levationssuggested that the #3 Mine pool increased in e levat ion by 0.75 f e e t and thea l l u v i a l wel l MW-18 by 0.25 f e e t dur ing March 1998. In contrast, the #3 M i n e andMW-18 had nearly a 3 f e e t rise d u r i n g late March 1997 ( F i g u r e s 6-10 and 6-20).The h y d r a u l i c head d i f f e r e n c e s between the #3 M i n e pool and MW-18 in March1998 was a p p r o x i m a t e l y 1.5 f e e t compared to 1.0 f e e t for most of the 1996-1997moni tor ing p er i od . The mine pool in the Oro s h a f t was a p p r o x i m a t e l y 0.6 f e e th i g h e r than the #3 M i n e poo l .
The March 1998 D i l l o n snow pack d e p t h appear s to be less than h a l f the March1997 snow pack d e p t h ( F i g u r e s 6-10 and 6-19). The maximum d a i l y airt empera ture s recorded at the Dillon station suggest that March 1997 was warmerthan March 1998. The average maximum d a i l y air t emperature in March 1997was nearly 5 degrees F a h r e n h e i t h i g h e r than the March 1998 average ( T a b l e 6-1). T h e r e were 27 days of air t emperature s greater than f r e e z i n g in March 1997compared to 21 days in March 1998. The cooler t emperature s in 1998 and lesssnow pack may have contributed to a minimal March thaw at the W-O mine andmil l site compared to the March 1997 thaw. T h i s seems to be suppor t ed by minepool and ground-water l eve l s that a p p e a r to have lower water elevationresponses d u r i n g the March 1998 thaw period.
S i m i l a r to April 1997, the storm events in April 1998 added minor snow pack forshort per iod s of time at the D i l l o n weather s tat ion (Figure 6-20). The April 1998water l eve l s in the #3 M i n e s h a f t r e l i e f well M S R W - 3 and MW-18 g r a d u a l l yincreased by a p p r o x i m a t e l y two f ee t wh i l e the Oro M i n e s h a f t increased by onef o o t . The water l ev e l s in the #3 M i n e s h a f t remained fairly constant. As
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T a b l e 6-1
M o n t h l y Compar i s on o f Maximum D a i l y A i r T e m p e r a t u r e sD i l l o n Reservoir Weather S t a t i o nH o o s i e r Pass Snow Survey S t a t i o n

M o n t h / S t a t i o n

M a r - 9 7 / D i l l o nM a r - 9 8 / D i l l o nA p r - 9 7 / D i l l o nA p r - 9 8 / D i l l o nA p r - 9 7 / H o o s i e rA p r - 9 8 / H o o s i e rM a y - 9 7 / H o o s i e rM a y - 9 8 / H o o s i e r

Avg. Max. DailyA i r T e m p . ( ° F )
43.938.9
43.3
45.1
37.8
40.5
49.5
52.5

Std. DeviationAvg. D a i l y Max.Air Temperature9.510.39.77.9
9.2
9.0
7.95.3

Days Greater thanF r e e z i n gTemperature s27212630
20
23
31
31

prev i ou s ly d i s cu s s ed , p l u g g i n g associated with the grout s e a l i n g of the s h a f t maybe r e s p o n s i b l e for the observed constant water l ev e l s in April 1998. It appear sthat water l eve l s f r o m the r e l i e f well are more representative of the #3 M i n e p o o l .The h y d r a u l i c head d i f f e r e n c e of one f oo t between M S R W - 3 and MW-18 iss imi lar to the observed d i f f e r e n c e between the #3 Mine and MW-18 in the 1996and 1997 monitoring s tudies . A p p a r e n t l y , the several #3 M i n e s h a f t p u r g i n gevents associated with the 1996/1997 isotope and water qua l i ty s a m p l i n g and the1996 and 1997 s p r i n g f l o w that went artesian prevented s i g n i f i c a n t p l u g g i n g .A l t h o u g h as previously mentioned, p l u g g i n g of the #3 Mine s h a f t was observed inOctober 1996 and April 1997.
It a p p e a r s that the h y d r a u l i c head d i f f e r e n c e between the Oro Mine s h a f t pooland the #3 Mine pool was almost e l iminated by the end of April. There were nos i g n i f i c a n t changes in F r e n c h Creek d i s charge s d u r i n g April 1998. Maximumd a i l y air temperatures at the D i l l o n weather station and the Hoos i er Pass snowstation sugges t ed that April 1998 was warmer than experienced in April 1997( T a b l e 6-1). The h igh elevation snow pack water equivalent at the Hoos i e r Passwas increasing in April 1998 (Figure 6-25). As a resul t , most of the snowmeltduring this time period occurred at the lower French G u l c h val l ey elevations.Lower W-O site e levat ion snowmelt, e s p e c i a l l y associated with the moreexposed and southern f a c i n g s l o p e s , was observed d u r i n g the 1998 snow surveys t udy (Brooks, 1998). T h i s would i m p l y that most of the mine and ground-waterlevel increases in March and April 1998 at the W-O site were due to localsnowmelt in the v i c in i ty of the W-O site.
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The French Creek d i s charge increased s i g n i f i c a n t l y d u r i n g the end of May 1998(Figure 6-21). The h igh elevation snow pack at H o o s i e r Pass c o m p l e t e l y meltedby the end of May. The Oro M i n e s h a f t water l e v e l s continued to g r a d u a l l y rise inMay. The total rise for the month was over 1.5 f e e t . The #3 M i n e p o o l , asr e f l e c t e d by M S R W - 3 , increased by a p p r o x i m a t e l y 1 f e e t d u r i n g the month. As ar e su l t , the h y d r a u l i c head between the Oro M i n e s h a f t and the #3 mine p o o l ,which was s i m i l a r at the b e g i n n i n g of May, increased d u r i n g the month with theOro having the greater h y d r a u l i c head e l eva t ion by 0.5 f e e t at the end of themonth.
F r o m J u n e 3 t h r o u g h J u n e 11, 1998, AGS conducted a M i n e PoolCharacterizat ion study. T h i s s tudy required p u r g i n g and s a m p l i n g the #3 Mines h a f t on J u n e 8 and removing transducers f r o m the Oro M i n e s h a f t on J u n e 3,J u n e 5, and J u n e 8 t h r o u g h J u n e 11. The e levat ions for the Oro mine pool inF i g u r e 6-22 are a combination of continuous measurements f r o m the Oro M i n es h a f t with transducers and hand measurements with a water level meter d u r i n gt h i s time per iod. T h i s may e x p l a i n the erratic nature of the Oro e l evat ions f r o mJ u n e 5 t h r o u g h J u n e 11 .
It a p p e a r s that the p u r g i n g of the #3 Mine s h a f t u n p l u g g e d the grout-sealed s h a f tand recovered water l eve l s to e levations s i m i l a r to the r e l i e f well M S R W - 3 .Between J u n e 17 and 18, the top of the Oro Shaft mine pool increased inelevation by a p p r o x i m a t e l y 0.5 f e e t . T h i s rise appeared to correspond to a wetperiod from J u n e 14 t h r o u g h J u n e 18. The F r e n c h Creek d i s charge began toincrease on J u n e 20. T h i s is the o n l y observation in the 1998 moni t or ing s t u d ywhere the D i l l o n p r e c i p i t a t i o n data, Oro Mine s h a f t pool e l eva t ions , and theF r e n c h Creek d i s charge appeared to d i r e c t l y correlate. G e n e r a l l y , the Oro M i n es h a f t e l evat ion data f r o m March 1998 t hrough J u n e 1998 appear ed to have minorto no responses to storm events at the D i l l o n weather s tat ion. The minorresponses appeared most evident d u r i n g the April storm events and the J u n e wetperiod ( F i g u r e 6-20). The #3 M i n e pool and the a l l u v i a l ground-water in M W - 1 8did not a p p e a r to have any direct responses to storm events. F r e n c h Creekd i s charge had minor to no responses to storm events and appeared to be drivenby snowmelt events, e s p e c i a l l y the h i g h elevation snowmelt and t emperature s atthe H o o s i e r Pass snow station (Figure 6-21). By the end of J u n e 1998 the minepool water elevations and ground-water elevation in M W - 1 8 had leveled off(Figure 6-22). In contrast, the French Creek d i s charge peaked in early J u n e at46 c f s . The total rise in water elevations since early May 1998 for the Oro Mines h a f t was a p p r o x i m a t e l y 2.5 f e e t , 1.3 f e e t for the #3 M i n e p o o l , and 1.5 f e e t forM W - 1 8 . It appear s that these water level rises correspond to the h i g h e levationsnowmelt. T h i s snowmelt p r o b a b l y i n c l u d e d the headwater region of F r e n c hG u l c h and d u r i n g early May the h igher protected e levat ions a l ong the r idgeabove the W e l l i n g t o n workings (P. Brooks, 1998).
For the remaining monitoring period in July and A u g u s t 1998, the Oro Shaft M i n ep o o l , #3 M i n e p o o l , and MW-18 water l ev e l s g r a d u a l l y d e c l i n e d ( F i g u r e s 6-23 and
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6-24). Except for a few peaks in the F r e n c h Creek d i s charge , which wereprobab ly related to large storm events, the French Creek h y d r o g r a p h alsog r a d u a l l y d e c l i n e d . The h y d r a u l i c head d i f f e r e n c e between the Oro M i n e s h a f tpool and the #3 M i n e pool was over 1.0 f ee t whi l e the #3 M i n e was 1.3 f e e thigher than MW-18. By the end of August 1998 the #3 Mine pool elevationswere a p p r o x i m a t e l y three f e e t lower than #3 M i n e pool e l evat ions at the end ofAugust 1996 ( F i g u r e 6-3).

6.4.3 1998 M o n i t o r i n g S t u d y W e e k l y to B i - M o n t h l y WaterLevels
From late March 1998 to Sep t ember 1998, AGS manual ly recorded ground-waterand mine pool water l eve l s f r o m moni tor ing w e l l s and the #3 and Oro m i n e s h a f t swith a water level meter ( F i g u r e 6-26, T a b l e 6-2, A p p e n d i x 6-1). F i g u r e s 6-27t h r o u g h 6-32 are p l o t s of the water elevations. The water e levation p l o t s havebeen d i v i d e d by the f o l l o w i n g g r o u p i n g s :

• M i n e pool (Oro M i n e s h a f t , #3 M i n e s h a f t , and #3 M i n e r e l i e f wellM S R W - 3 ) ;• U p g r a d i e n t w e l l s f r om the W-O site located north of F r e n c h G u l c h Road( M W - 1 1 and M W - 1 2 ) , A well and soil boring comple t ed in the roasterf i n e s (WRO-1 and SBRF-3);• The X 1 0 U 8 site soil boring ( E X O - 1 ) ;• W e l l s located within or downgradient of the W-O mine and mill siteand north of French G u l c h Road (MW-1, MW-4, M W - 5 , MW-8, M W - 1 3 ,MW-14, M W - 1 6 , MW-17, MW-18, and M W - 1 9 ) ; and• W e l l s located south of F r e n c h G u l c h Road ( M W - 2 , MW-3, MW-6,MW-7, MW-9, and MW-20).
The mine poo l e l evat ions were very s i m i l a r to the continuous water level datac ompi l ed with the transducers and data logger s . As prev iou s ly discussed, ita p p e a r s that the #3 Mine s h a f t was p a r t i a l l y p l u g g e d which e x p l a i n e d theh y d r a u l i c head elevation d i f f e r e n c e with the #3 M i n e re l i e f well M S R W - 3 for mostof the moni tor ing period ( F i g u r e 6-27). When the #3 Mine s h a f t was purged onJ u n e 8 and A u g u s t 10, the h y d r a u l i c head d i f f e r e n c e s were e l i m i n a t e d . Theh y d r o g r a p h s for the Oro and #3 mine p o o l s appeared to peak f rom m i d - J u n e toearly July 1998. F r o m the b eg inn ing of moni tor ing in late March t h r o u g h mid-April the hydraul i c head of the Oro Mine s h a f t was over 0.5 fee t higher thanM S R W - 3 . This e levation d i f f e r e n c e was e l im ina t ed f r om the end of April intoearly May. At the peak of the hydrograph s , the Oro Mine s h a f t elevations werea p p r o x i m a t e l y 1.0 f e e t h igher than the #3 M i n e p o o l . T h i s head d i f f e r e n c e wass l i g h t l y reduced by the end of Augus t .

F i g u r e 6-28 is a p lo t of water elevations for ground-water monitoring we l l s
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T a b l e 6-2
S u m m a r y o f Ground-water M o n i t o r i n g W e l l s

W e l l

MW-1
MW-2

MW-3

MW4

MW-5*

MW-6*

MW-7

MW-8*

MW-9
MW-11

MW-1 2
MW-1 3

T o pA l l u v i u m(ft belows ur fa c e)
6

...............

6

7

5

25

12

5

17
10

N P
is

T o pBedrock(ft belowsur fa c e)42 (clay)44 ( s h a l e )41 ( p o r p h y r y )

53 ( s h a l e )

55 ( c l a y )56 ( s h a l e )
52 ( s h a l e )

40 ( c l a y )42 ( s h a l e )

50 ( p o r p h y r y )

43 (sha l e)

51 ( c l a y )52 ( s h a l e )29 ( s h a l e )

10 ( p o r p h y r y )
28 ( s h a l e )

TotalD e p t h(ft belows u r f a c e )
50

47.5

55

64

55

54

52

46

54.5
43

46
47

ScreenedI n t e r v a l s(ft belowsur fa c e)
22-27 (5!)
33-43(10)
37~-47 (10)

1 5 - 2 5 ( 1 0 ' )
45-50 ( 5 ' )

2 0 - 3 0 ( 1 0 ' )4 6 - 5 1 ( 5 ' )58-63 ( 5 ' )
2 0 - 3 0 ( 1 0 ' )
50-55 ( 5 ' )

3 4 - 4 4 ( 1 0 ' )
49-54 ( 5 ' )

1 8 - 2 3 ( 5 ' )
3 8 - 4 8 ( 1 0 ' )
15-20 (51)

3 5 - 4 5 ( 1 0 ' )
4 3 - 5 3 ( 1 0 ' )
23-28 ( 5 ' )

3 8 - 4 6 ( 1 0 ' )
40-45 (51)

3 6 4 6 ( 1 0 ' )

Comments

contaminated a l l u v i a l wellat mine sitecontaminated a l luv ia l andp o r p h y r y well below m i l lt a i l i n g s , downgradient o fmine sitecontaminated a l l u v i a l wel lbelow m i l l t a i l i n g s ,downgradient mine siteand B u l l h i d e F a u l tcontaminated a l l u v i a l andshal e bedrock well at minesitecontaminated a l l u v i a l andshale bedrock welldowngrad i en t of mine siteand near B u l l h i d e Faultcontaminated a l l u v i a l andshale bedrock well belowm i l l t a i l i n g s , downgrad i en tmine s i t e , and nearB u l l h i d e F a u l tcontaminated a l l u v i a l welldowngradient mine sitea n d m i l l t a i l i n g scontaminated a l luv ia l welldowngradi en t roaster f i n e sand near 11-10 Faultclean a l l u v i a l wellu p g r a d i e n t mine siteclean a l l u v i a l and shalebedrock well u p g r a d i e n tmine siteclean p o r p h y r y bedrockwell u p g r a d i e n t mine sitecontaminated shalebedrock well below roasterf i n e s and mine waste, near11 -10 Fault
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T a b l e 6-2 continued

W e l l

MW-14
M W - 1 5

M W - 1 6

MW-17 '

M W - 1 8

M W - 1 9

MW-20

M S R W -
3

EXO-1
EXO-2

WRO-1*
WRO-2*
W T U - 1 *
W T U - 2 *

W T L - 2
SBRF-3*

T o pA l l u v i u m(ft belows u r f a c e )
2.5
3

8

" — — — — - g " — — — — " I

7

8

0

0

N P
N P

14.5?
14.2?

N P
N P
N P
N P

T o pBedrock(ft belows ur fa c e)38 ( s h a l e )101 ( p o r p h y r y )15 ( s h a l e )

46.5( p o r p h y r y )70 ( s h a l e )
55 ( p o r p h y r y )70 ( s h a l e )

39 (shaTej

51 ( s h a l e )

20 ( p o r p h y r y )

45 ( s h a l e )

N A
10.2? ( s h a l e )

N A
N A
N A
N A
N A
N A

T o t a lD e p t h(ft belowsur fac e)278
46

-~9T--

""93""

.............

i io
50

110

13.6
10.2
18.1
16.6
13.5
8.0
19.5
13

ScreenedI n t e r v a l s(ft belowsur fa c e)268-278 ( 1 0 1 )
3 6 - 4 6 ( 1 0 ' )

71-91 ( 2 0 ' )

70-90 ( 2 0 ' )

20-40 ( 2 0 ' )

3 0 - 1 1 0 ( 8 0 ' )

1 5 - 2 5 ( 1 0 ' )

68-110

7.8-12.8
4.7-9.7

14.1-18.1
6.7-11.7

1 6.5-13.5
3.6-8.0

14.1-19.1
N A

Comments

clean 11-10 Faul t wel lu p g r a d i e n t mine siteclean shale bedrock w e l l ,south s ide v a l l e y , east ofCountry Boy Minecontaminated shalebedrock well at mine s i t e ,observation well d u r i n g1994 a q u i f e r testscontaminated sha l ebedrock well at mine site,p u m p well d u r i n g 1994a q u i f e r testscontaminated a l l u v i a l wellat mine site, p u m p welld u r i n g 1994 a q u i f e r testscontaminat ed a l l u v i a l ,B u l l h i d e F a u l t , a n dbedrock wellclean a l l u v i a l well southside v a l l e y , d owngrad i en tmine siter e l i e f well for #3 M i n eS h a f t , open holec o m p l e t i o n u s ing washedrock, mine s tope or cave-inp o s s i b l e below 97 f e e tX 1 0 U 8 mine waste soilboringX 1 0 U 8 mine waste soilboring
contaminated roasterf i n e s / a l l u v i a l wellcontaminated roaster f i n e swellnorth m i l f t a i l i n g s wellnorth m i l l t a i l i n g s we l fcontaminated south mi l lt a i l i n g s wellsoil boring in roaster f i n e s ,2" PVC p i p e open at totald e p t h

NP - not presentNA - not a p p l i c a b l e"*" - p l u g g e d a n d / o r abandoned d u r i n g Fall 1998 surface waste c l e a n u p pro j e c t
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M W - 1 1 and MW-12. MW-12 is a porphyry bedrock well ( T a b l e 6-2). M W - 1 1 hasa f iv e f e e t l e n g t h screen in the a l l u v i u m i m m e d i a t e l y above the shale bedrockand a ten f e e t l e n g t h screen nine f e e t below the top of the bedrock ( T a b l e 6-2).For most of the moni t or ing p e r i o d , the top of the ground-water level in M W - 1 1was below the a l l u v i a l screen. During peak f l o w the ground-water level waswithin the bottom foo t of the a l l u v i u m screen interval. It is believed that the waterl e v e l s in M W - 1 1 d u r i n g th i s moni tor ing s tudy were representative of the sha l ebedrock and not the sha l low a l luv ium.
M W - 1 2 exhib i t ed water level peaks d u r i n g la t e March and April 1998 (Figure 6-28). From early May to Sep t ember 1998 the water levels d e c l in ed . The peaks inMarch and April a p p e a r to f o l l o w warm local snowmelt events ( F i g u r e s 6-19 and6-20). After late April there were no s i g n i f i c a n t peaks in the water levels. It isbelieved that water l ev e l s in M W - 1 2 represent a perched water t a b l e in the t i g h tfractured p o r p h y r y that is recharged by local snowmelt. The lack of water levelpeaks a f t e r late April suggests that the local snow pack had melted by early-May.S i m i l a r peak ground-water e l evat ions were also observed in the h y d r o g r a p h sf rom a monitoring well (WRO-1) and soil boring (SBRF-3) in the roaster f i n e s(Figure 6-29), and f rom a s h a l l o w soil boring ( E X O - 1 ) south of the X 1 0 U 8 wastep i l e (Figure 6-30). M o n i t o r i n g well WRO-1 was c ompl e t ed at the base of theroaster f i n e s and top of the a l luv ium while soil boring S B R F - 3 was an openended 2-inch diameter PCV p i p e in the roaster f i n e s ( T a b l e 6-2). The s ehydrograph s suggest that the shal low a l l u v i u m ground-water tab l e upgrad i en t ofthe 11-10 Fault and the roaster f i n e s ground-water tab l e is recharged by localsite snowmelt ( F i g u r e 6-26).
The ground-water h y d r o g r a p h f or M W - 1 1 d i s p l a y e d peak l eve l s f r o m late May t oearly July 1998 ( F i g u r e 6-28). T h i s peak level period is s imi lar to the mine p o o l ,a l t h o u g h s i g n i f i c a n t l y attenuated (Figure 6-27). M W - 1 1 i s r e l a t i v e l y cleanu p g r a d i e n t shale bedrock well f r om the W-O mine and mill site. M W - 1 5 , theclean upgrad i en t shale bedrock well on the south side of French Creek, alsod i s p l a y e d peak ground-water l ev e l s f r om late May to early July 1998 (Figure 6-26, T a b l e 6-2, and A p p e n d i x 6-1).
F i g u r e 6-31 are h y d r o g r a p h s f rom the 1998 moni tor ing s tudy for ground-watermonitoring we l l s located north of French G u l c h Road and downgradient of the11-10 Fault (Figure 6-26). The anomalie s in the p l o t s p r o b a b l y represent errorsin manual ly reading the water level meter. All of the monitoring we l l s d i s p l a ys i m i l a r h y d r o g r a p h s and o n l y vary due to h y d r a u l i c gradi ent s . T h e s e ground-water moni tor ing w e l l s have peak e l evat ions d u r i n g s i m i l a r time per iod s as themine pool ( F i g u r e s 6-27 and 6-31). These ground-water monitoring we l l s vary inc o m p l e t i o n s f r o m bedrock, a l l u v i u m , and f a u l t s (Table 6-2). M W - 1 3 and MW-14ground-water level s are believed to be in f lu enc ed by f l o w associated with the 11-10 Fault ( T a b l e 6-2). The ground-water e levations wi th in these f a u l t w e l l s arealmost id en t i ca l to the Oro Shaft mine pool e l evat ions (Figure 6-27). The othermonitoring we l l s are contaminated and have lower h y d r a u l i c head elevations
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than the mine poo l and the 11-10 Fault we l l s . T h e s e w e l l s appear ed to bei n f l u e n c e d by mine water di scharge.
F i g u r e 6-32 shows p l o t s o f ground-water elevations for moni t or ing w e l l s locatedsouth of F r e n c h G u l c h Road, a p p r o x i m a t e l y a long the axis of the F r e n c h G u l c ha l l u v i a l v a l l e y (Figure 6-26). T h e s e w e l l s are p r e d o m i n a n t l y c o m p l e t e d in thea l l u v i u m and are located u p g r a d i e n t (MW-9) and downgradi ent (WTL-2, MW-2,MW-3, M W - 6 , MW-7, and M W - 2 0 ) of the W-O site ( T a b l e 6-2, F i g u r e 6-26).Ground-water e l evat ions remained re la t iv e ly constant throughou t the 1998moni tor ing period for these w e l l s and the ir e l evat ions were a f u n c t i o n of t h e i rh y d r a u l i c g rad i en t p o s i t i o n a long th e v a l l e y .

6.4.4 1998 Oro Mine S h a f t T e m p e r a t u r e M o n i t o r i n g
In a d d i t i o n to moni tor ing the Oro M i n e s h a f t water l ev e l s with pressuretransducers , t emperatures were recorded by the d a t a l o g g e r f r o m t h e rmocoup l e swi th in the transducers and a set of separate th ermocoup l e s . F i g u r e s 6-33 and 6-34 are p l o t s of t emperatures measured by the pressure transducers f r o m mid-April 1998 t h r o u g h mid-Augus t 1998 with the mine pool water level e levations.The transducers were set at three d i f f e r e n t l o ca t ions in the mine p o o l : top of thepool at 94 f e e t below ground surface ( b g s ) , at the 3rd Oro drift level (241 f e e tb g s ) , and at 440 f e e t bgs (Figure 6-35). The 440 f e e t bgs d e p t h corresponds tothe a p p r o x i m a t e area where Levering (1934) showed f a u l t s p l a y s f r om the 11-10f a u l t in t er s e c t ing the Oro M i n e s h a f t . F i g u r e 6-33 represents the i n i t i a l rise in themine pool in April 1998. During the early s p r i n g rise of the mine pool the u p p e rtwo transducer temperature measurements remained r e l a t i v e l y constant whi l ethe deepe s t transducer showed a gradual one degree F a h r e n h e i t (F) decrease intemperatures. F r o m early May to m i d - J u n e 1998 the three transducers showedincreasing t emperature s (Figure 6-34). The lowest transducer (440' b g s )d i s p l a y e d t h e largest increase i n t emperatures , greater than 1 ° F , a n d t h e mostv a r i a b i l i t y . After the peak in mine pool l eve l s in m i d - J u n e , the u p p e r twotransducers showed a very gradua l decrease in temperatures . The lowesttransducer i m m e d i a t e l y indicated a sharp decrease in t emperature a f t e r the minepool water level peak f o l l o w e d by a very s tab l e and gradual increase int emperature ( F i g u r e 6-34).

6.4.5 1996-1998 Storm Events
Individual storm events, as recorded at the Dillon weather s tat ion, did not seemto i n f l u e n c e the d a i l y water leve l s of the monitoring w e l l s and had very minor tono e f f e c t on the F r e n c h Creek di s charge ( F i g u r e s 6-2 through 6-13, 6-17, 6-19t hrough 6-22, 6-36). Some of the observed storm event impact s on F r e n c hCreek i n c l u d e d a p r o l o n g e d wet period in A u g u s t and S e p t e m b e r 1996 and am u l t i - d a y storm event d u r i n g the s p r i n g r u n o f f in 1996. The A u g u s t andS e p t e m b e r we t period a p p a r e n t l y l eveled o f f the F r e n c h Creek h y d r o g r a p h
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( F i g u r e s 6-3 and 6-4), and the m u l t i - d a y storm event d u r i n g the s p r i n g r u n o f f in1996 p r o b a b l y enhanced the F r e n c h Creek d i s charge peak d u r i n g the end ofM a y ( F i g u r e 6-13).
H o u r l y d i s c h a r g e data was p l o t t e d for a storm event in May of 1997 to assess theshort-term impact of a storm event on F r e n c h Creek (Figure 6-37). T h i s stormevent occurred d u r i n g the ri s ing l imb of the F r e n c h Creek h y d r o g r a p h (Figure 6-36). A c c o r d i n g to the D i l l o n weather s tat ion d a t a , the sub j e c t storm event startedd u r i n g the late evening of May 21 ,1997 and continued for over 24 hours into theearly morning of May 23. A h y d r o g r a p h of the rainfall i n t e n s i t y for t h i s stormevent was not a v i a l i a b l e . T h e r e was minimal rainfall for most of the day andnight on May 23 and no r a i n f a l l on May 24 to the evening of May 25 at the D i l l o nstation. The d i s charge peaks d u r i n g the early morning hours on May 24 and May25 are not related to storm events but are d i u r n a l cycles associated withsnowmelt that or ig inated in the headwaters of F r e n c h Creek (Figure 6-21). Theheadwaters are a p p r o x i m a t e l y six mile s east of the F r e n c h Creek gage. The lagtime f r o m d a i l y maximum snowmelt in the late a f t ernoon to the observed peaks atthe gage was observed to be 10 to 12 hours. T h i s corresponds to a streamtravel rate of 0.7 to 0.9 f e e t per second. The instream salt tracer s tudyconducted by the USGS in July of 1996 observed s i m i l a r travel rates for F r e n c hCreek in the v i c i n i t y of the mine site (Kimball et. a l . , 1997).
In contrast to the early morning diurnal peaks , the d i s charge peak of 43 to 44 cfson May 22 occurred d u r i n g the a f t e rnoon which was at least 5 cfs h i g h e r thanbackground (Figure 6-37). T h i s peak is most l i k e l y related to the storm event.The May 22 peak represents the accumulated d i s charge e f f e c t at the gage of:
1. early morning r u n o f f associated with r a i n f a l l in the headwaters t r a v e l i n g to thegage and2 . local r u n o f f f r o m t h e d a y ' s p r e c i p i t a t i o n .
T h e s e t y p e s of observations were not evident f r o m the average d a i l y d i s chargereported by th e USGS.
The d i u r n a l cycles can also indicate the i n f l u e n c e of snowmelt on stream f l o w s .The background or lower f l o w s d u r i n g the a f t e rnoon hours p r o b a b l y is dominatedby ground-water ba s e f l ow. The magni tud e of the f l o w peaks associated withheadwater snowmelt contributed a p p r o x i m a t e l y 3 cfs or 7% of the total f l o w . T h i sis s i m i l a r to the s t a b l e i s o t ope mixing model c a l c u l a t i o n s of snowmelt contribut ionto stream f l o w s in the lower reaches of F r e n c h Creek (RAS, 1996a, 1996b, and1997b).
H o u r l y water l eve l s for monitoring w e l l s were also p l o t t e d to assess short-termimpac t s of storm events on the ground-water and mine p o o l . Two storm eventswere s e l e c t ed; (1) a summer mul t i -day storm f r o m A u g u s t 26 to A u g u s t 30, 1996( F i g u r e s 6-38 through 6-42a) and (2) a fall snow event f r o m October 15 to
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October 19,1996 with s i g n i f i c a n t mel t ing during the period ( F i g u r e s 6-43 through6-47a). F i g u r e s 6-42b and 6-47b summarize the storm events. Both stormevents had occurred d u r i n g the falling limb of the ground and mine poolh y d r o g r a p h and at low f l o w F r e n c h Creek condi t ions .
The D i l l o n weather station recorded that most of the p r e c i p i t a t i o n associated withthe summer storm to have occurred on August 29 ( F i g u r e 6-41). The waterl eve l s pr ior to th i s p r e c i p i t a t i o n were very s table and o n l y d r o p p e d 1 / 1 0 of an inchevery 25 to 40 hours ( F i g u r e s 6-38 to 6-40). The water levels remained verys tab l e a f t e r the p r e c i p i t a t i o n with no change in the rate of water level d e c l i n e( F i g u r e 6-42a and 6-42b).
For the fall snow event e xampl e , the Dillon weather s tat ion recorded that most ofthe p r e c i p i t a t i o n occurred on October 17 (Figure 6-45). The water l ev e l s prior toth i s event were also very s table ( F i g u r e s 6-43 and 6-44). After the snow event,the water l ev e l s remained very s tab l e ( F i g u r e s 6-45 through 6-47a, and 6-47b).
The hourly water level data c ompi l ed d u r i n g the 1996/1997 s tudy d i s p l a y e d verys t a b l e l eve l s over l ong periods . The 1996 summer storm events recorded at theD i l l o n weather s tat ion were u s u a l l y short in durat ion and less than 0.4 inches.W i n t e r snow events and fall/spring mixed p r e c i p i t a t i o n storms tended to be ofl o n g e r dura t i on and contained more moisture than the summer storms. The minesite is over 800 f ee t h i g h e r than the Dillon station and it is p o s s i b l e that at t h i sh igh er elevation storm events would be more intense. T h e r e were no i m m e d i a t eground or mine pool water level responses to any storm events observed in thehour ly data throughout the monitoring per iod s , with p o s s i b l y the one exc ep t ionp r e v i o u s l y di scussed for the Oro M i n e s h a f t in m i d - J u n e , 1998. T h e r e had beenminor increases in stream discharge observed d u r i n g some storm events,e s p e c i a l l y associated with the hour ly d i s charge data.

6.5 Discussion
I m p o r t a n t i n f o r m a t i o n that was gathered d u r i n g the ground and mine pool waterlevel moni tor ing s tudy i n c l u d e d the f o l l o w i n g observations:
• The h y d r a u l i c head (water l e v e l ) of the mine pool was s i g n i f i c a n t l y h i g h e r thanthe a l l u v i a l a q u i f e r and fractured shale bedrock at the #3 Mine site;
• For most of the 1998 monitoring period the Oro Mine s h a f t pool had anh y d r a u l i c head h i g h e r than the #3 M i n e p o o l ;
• The hydrau l i c head d i f f e r e n c e between the Oro and #3 Mine pool were nearlye l i m i n a t e d in early May 1998;
• The mine pool and ground-water levels began to rise in March and April of1997 and 1998, almost two months be fore the F r e n c h Creek d i s charge
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started its major rise;

• The mine pool and ground-water level i n i t i a l rise f r o m March to early May inboth the 1996/1997 and the 1998 s tud i e s a p p e a r to correlate with the lowerelevation local site snowmelt;
• The major increase in F r e n c h Creek s p r i n g d i s c h a r g e and the rise in the minepoo l and ground-water l eve l s d u r i n g May and J u n e of 1997 and 1998 isa p p a r e n t l y associated with h igh e l evat ion snowmel t;
• Ground-water moni tor ing w e l l s wi thin the a l l u v i a l v a l l e y had water l e v e l s thatremained unchanged between low and h i g h f l o w c o n d i t i o n s ;
• S i g n i f i c a n t increase in t emperature of the Oro s h a f t mine poo l a p p e a r s to beassociated with i n f l o w f rom 11-10 f a u l t s p l a y s and correlates with the r i s ingOro s h a f t mine p o o l ,
• Individual and m u l t i - d a y storm events did not a f f e c t e i ther the #3 mine poo l orground water l ev e l s at the mine site and had minor to no e f f e c t on the Oros h a f t mine p o o l ,
• I n d i v i d u a l and m u l t i - d a y storm events had minor or no e f f e c t on F r e n c h Creekd i s charge; and
• Diurnal pa t t erns associated with the s p r i n g snowmelt are evident in the hourlyF r e n c h Creek d i s c h a r g e data.
The minimal e f f e c t of storm events on the F r e n c h Creek h y d r o g r a p h sugges t sthat i n f i l t r a t i o n of p r e c i p i t a t i o n i s much greater than r u n o f f . The nearlyin s tantaneous response of ground-water and mine pool water l eve l s to snowmeltevents also sugges t s that i n f i l t r a t i o n is much greater than r u n o f f . Brooks ( 1 9 9 8 )observed that the F r e n c h Creek d i s charge r e sponded to snowmelt events in amatter of days. This s tudy referred to regional snowmelt events i n f i l t r a t i n g intoand recharging the regional ground-water system and ground-water f l o w beingthe pr imary source for s p r i n g h igh f l o w in French Creek. The s tab l e i s o t opes tud i e s i n d e p e n d e n t l y arrived at this conclusion (RAS, 1996b and 1997b). Themine pool and ground-water lack of response to storm events indi ca t e s that thevolume of water associated with these storm events, which is t y p i c a l l y less than0.4 inches of water, is p r o b a b l y very sma l l compared to the volume of waterassociated with the mine p o o l , ground-water system, F r e n c h Creek, andsnowmelt events. For comparison, the mine pool p r o b a b l y stores over hundredm i l l i o n g a l l o n s of water whi l e a storm event would amount to less than a c o u p l eof m i l l i o n g a l l o n s of water over the mine workings catchment area, less than 2%of the mine pool volume. The volume of mine water that is d i s c h a r g i n g into theshale bedrock and a l l u v i a l a q u i f e r may also mask any storm responses on theground-water system. In contrast, s p r i n g snow pack can contain over 25 timesthe water content of an i n d i v i d u a l storm event. Mine d i s charge into the a l l u v i a lv a l l e y and h i g h f l o w F r e n c h Creek s p r i n g condi t ions had very smal l e f f e c t s on thea l l u v i a l v a l l e y ground-water elevations. This would suggest that there i ss i g n i f i c a n t annual ground-water f l o w and water storage wi th in the a l l u v i a l v a l l e y .

114American G e o l o g i c a l Service s , Inc .



F i n a l H y d r o g e o l o g i c ReportW e l l i n g t o n - O r o M i n e a n d M i l l S i t eMay 1999
The h i g h e r h y d r a u l i c head elevation for the mine pool at the d i s charge end of theworkings (#3 Mine s i t e) sugge s t s f l o w is f r o m the mine pool into the a l l u v i u m andf rac tured sha l e bedrock at the western downgradi en t por t i on of the mineworkings. The r e l a t i v e l y constant h y d r a u l i c head d i f f e r e n c e between the minepool and the a l l u v i u m and frac tured bedrock throughou t the year in the #3 M i n earea i m p l i e s that the f l o w rate out of the mine pool is f a i r l y constant f rom low toh i g h f l o w c ond i t i on s . It i s p o s s i b l e that the rate of f l o w f r om the mine pool into thea l l u v i u m , f a u l t s , and fractured shale bedrock is b u f f e r e d by the h y d r o l o g i cp r o p e r t i e s of these receiving media. C o n s e q u e n t l y , the mine pool f l o w surgeassociated with spr ing high f l o w condit ions would have to be accommodated by:

1. increases in the mine water d i s charge area; and2. d u r a t i o n of elevated mine water d i s charge and mine pool e levationl ev e l s that are related to storage in the mine poo l .
F i g u r e 6-52 s c h e m a t i c a l l y shows the increase in d i s charge area and elevatedmine pool e levations. The mine water storage may e x p l a i n why the mine poolh y d r o g r a p h s have peak elevations that extend past the F r e n c h Creek peakdischarge and last snow melt. T h i s also may exp la in the pro longed and verygradual fal l ing l i m b on the mine pool hydrograph s .
In summary, the mine pool has a l i m i t e d d r a i n i n g capac i ty and water rises in themine pool dur ing spr ing high f l o w because the rate of i n f l o w exceeds its o u t f l o wcapaci ty. As a r e su l t , t h i s i n f l o w water is dammed up in the mine p o o l .E v e n t u a l l y , the h igh f l o w water drains out of the mine p o o l , which may takeseveral months, and the mine pool e levation reaches s tab l e b a s e f l o w condi t ions .The comparison of mine pool falling l i m b h y d r o g r a p h s at the end of A u g u s t 1996and 1998 showed the 1996 elevations to be a p p r o x i m a t e l y three f e e t higher.T h i s sugge s t s that there was a greater volume of water in the 1996 h i g h f l o w thattook longer to drain out of the mine.
F i g u r e 6-48 shows the 1998 hydrograph s for French Creek and the Oro and #3mine poo l s . The lack o f correlation between i n d i v i d u a l stream h i g h f l o w peakswhich are p r o b a b l y enhanced by wet periods in early J u n e , late J u n e , and late-July 1998 with the mine pool h y d r o g r a p h s sugge s t s that French Creek is not amajor i n f l o w source to the W-O mine poo l . The overall s i m i l a r t i m i n g of mine poolpeak e l eva t i on s and F r e n c h Creek peak d i s charge f r om la t e-May through J u n ei m p l i e s that they have s i m i l a r recharge sources. The broad and smoothcharacter of the mine pool h y d r o g r a p h s can be interpreted to be due to a regionalbedrock ground-water source of mine i n f l o w a n d / o r s i g n i f i c a n t water storagecapac i ty in the mine workings. The ground-water source is s uppor t ed by thei so tope s tud i e s that concluded the source of recharge water to the mine pool andFrench Creek is regional bedrock ground-water (see section 5 of this report).S i n c e the h y d r a u l i c head d i f f e r e n c e is not e l iminat ed between the mine pool anda l luv ium during low f l o w condit ions at the #3 Mine site, mine water continues tof l o w out of the mine pool at rate s i m i l a r to ground-water ba s e f l ow d u r i n g the low
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f l o w per iod s . Most of t h i s b a s e f l o w is occurring in l a r g e f ra c tur e systems andf a u l t s in the bedrock.
The h i g h e r h y d r a u l i c head or mine pool e levations associated with the Oro M i n es h a f t compared to the #3 M i n e pool sugge s t s that:

1. the h y d r a u l i c grad i en t wi thin the mine pool is d r i v i n g f l o w wi th in and outof the mine a n d / o r2. the Oro Mine s h a f t has l i m i t e d h y d r a u l i c connection to the #3 M i n ep o o l .
It is difficult to assess any f l o w between the shale bedrock and a l l u v i a l a q u i f e r atthe #3 M i n e site because of the s teep h y d r a u l i c grad i en t . A c c o u n t i n g for theh y d r a u l i c grad i en t at the #3 M i n e site, the shale bedrock and a l l u v i u m shou ldhave very s i m i l a r h y d r a u l i c head elevations. The s i m i l a r i t y between the sha l e ,a l l u v i a l , and mine pool h y d r o g r a p h s for most of the moni t or ing period wouldsugges t that the shale and a l l u v i u m are act ing as one h y d r a u l i c a l l y connectedunit that are c ommuni ca t ing with the mine pool at the #3 M i n e site ( F i g u r e s 6-49and 6-50). A q u i f e r ( p u m p i n g ) tests conducted at the #3 M i n e site also showedthat the mine, sha l e and a l l u v i u m are h y d r a u l i c a l l y connected ( M o r r i s s e y , 1995).
The i n i t i a l rise in the mine pool and ground-water elevation in March and April atthe downgrad i en t mine d i s charge area (#3 M i n e s i t e) correlate with the melt outof the lower e l evat ion D i l l o n weather station snow pack. T h i s corre lat ion sugges t sthat the March and April source of water to the mine pool and s h a l l o w ground-water is related to local site snowmelt ( T a b l e 6-3). The Oro s h a f t mine poolt emperatures associated with i n f l o w f r om the 11-10 Fault showed decreas ingt emperatures d u r i n g the i n i t i a l mine pool rise in April. T h i s a l so sugge s t s a localsnowmelt recharge source.
The May and J u n e 1987 and 1998 rise in the mine pool a p p e a r s to correlate witha s i g n i f i c a n t m e l t i n g of the h i g h elevation snow pack at H o o s i e r Pass. Duringearly May, snowmelt f r om the h igher more protected e l evat ions above theW e l l i n g t o n workings may also contribute to the mine pool rise. The Oro s h a f tmine pool t emperature s d u r i n g the May and J u n e 1998 water level rise showedincreasing temperatures. T h i s would i m p l y that the h i g h e levat ion snowmelt wasrecharging the regional ground-water bedrock systems and p u s h i n g warmerd e e p ground-water into the mine pool via the f a u l t s and frac tured bedrock.F r e n c h Creek also began s i g n i f i c a n t increases in d i s charge in m i d - M a y of 1997and 1998. T h i s would suggest that snowmelt in the headwater region of theu p p e r French G u l c h was also r e s p o n s i b l e f or the m i d - M a y and J u n e largeincrease in F r e n c h Creek discharge. T h i s snowmelt recharges the regionalbedrock ground-water system that sub s equent ly di s charge s to the down-val l eypor t i on s of F r e n c h Creek. The lack of a s i g n i f i c a n t increase in F r e n c h Creekd i s charge d u r i n g the late March to April lower e levat ion local snow melt isp o s s i b l y related to a s m a l l e r volume of water associated with the lower e levat ion
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snowmelt.
T a b l e 6-3 demonstrates that no l inear correlation exists between snow pack,F r e n c h Creek d i s c h a r g e , and mine pool e levation rises. The 1997 snow packappeared to be a p p r o x i m a t e l y twice the s pr ing 1998 snow pack ( T a b l e 6-3). The1996 and 1997 snow packs were s i g n i f i c a n t l y above average, 150% to 200%,

T a b l e 6-3
Compar i s on of 1997 and 1998 Snow Pack and M i n e Pool Rises

Period

3/5-5/3
5/4-6/18

3/4-4/29
4/30-5/17

5/18-6/22

D i l l o nSnowPackDepth(inches)

15-0
0

8-0
0

0

Hoos i erPassSnowPackWater Eq.(inches)
20-28
28-0

ii-i"8
18-10

10-0

FrenchCreekPeakDischarge( c f s )
1997

35
126

T o t a lRise
199£

4
10

46
T o t a lRise

OroMineS h a f tRise( f e e t )
r

<5.91

>i4.T T

20

\
1.12

1.3

1.4
3.8

#3 M i n eS h a f tRise( f e e t )

5.9
N D

N D

1.92

1.1

0.6
3.6

%ofT o t a lM i n ePoolRiseOro/#3
N D / 2 9 1

> 7 1 / N D

29/53
34/30

37/17

Comments

local sitesnowmelth ighe l evat ionsite andheadwatersnowmelt

local sitesnowmelthighe levat ionsite andheadwatersnowmeltheadwatersnowmelt

ND = Not de t ermined1 = estimated2 = rise based on March 1997 ba s e f l ow e l evat ions
whi l e the 1998 snow pack were a p p r o x i m a t e l y 90% of average (P. Brooks,1998). The apparent lack of a l inear correlation between amount of snow packand mine pool rises suggest that the mine workings geometry and volume mayvary with elevation. Consequently, the water volume associated with a foot risein the mine pool may vary at d i f f e r e n t e levations in the mine poo l . In a d d i t i o n ,variations in snowmelt i n f i l t r a t i o n , snowmelt r u n o f f , and snow subl imat ion from
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season to season may also contribute to the lack of correlation between snowpack, F r e n c h Creek d i s charge , and mine pool rises.
S i g n i f i c a n t water level rises in the mine pool a p p e a r to correlate with the h i g he l evat ion snowmelt (Table 6-3). Because we do not know the mine workingsgeometry and volume, it is difficult to assess relative volume contribut ions f r omthe mine recharge sources. It is believed that peak mine o u t f l o w ratescorrespond to peak mine pool elevations. The peak F r e n c h Creek d i s charge andpeak mine elevation occur d u r i n g the h i g h e levat ion regional snowmelt in late-May and J u n e . Based on this t i m i n g , it can be conc luded that the mine poolrecharge by the regional bedrock ground-water f l o w associated with the h ighe l evat ion snowmelt contributed to the m a j o r i t y of s p r i n g f l o w surge in the mine.
The bedrock f ra c tur e systems and f a u l t s are l i k e l y f l o w pathways to the mine pooland F r e n c h Creek. F i g u r e 6-51 contains p l o t s of water l ev e l s f rom the 11-10Fault wel l M W - 1 4 , Oro M i n e , and the #3 Mine . The water level e levations of themine and f a u l t were u s u a l l y within 1 / 1 0 of a f oo t . T h i s s i m i l a r i t y sugge s t s that thef a u l t act as a conduit for ground-water into the mine workings. The t emperaturemoni tor ing of the Oro Mine s h a f t in 1998 showed the greatest t emperaturef l u c t u a t i o n s d u r i n g r i s ing water level s at a mine s h a f t d e p t h where the 11-10 f a u l ts p l a y s intersect the s h a f t . T h i s suggest that a s i g n i f i c a n t source of water to theri s ing mine pool water l eve l s may be f rom the 11-10 Fault. The mine poolt emperature s were increasing dur ing the s p r i n g f l o w surge. T h i s i m p l i e s thatwarmer bedrock ground-water was the source of recharge water to the mine.The salt tracer work suggested that the 11-10 Fault could also act as a condui tfor mine water out of the mine workings (Kimball et. a l . , 1997). Seasona l f l o wregimes, d i f f e r e n t l o ca t ions a l ong the f a u l t , and h y d r a u l i c head f l u c t u a t i o n sp r o b a b l y drive th i s a p p a r e n t reversal of d irec t ion.
6.6 Conclu s ions
The large volume of water that is associated with m e l t i n g snow in the v i c in i ty ofthe mine site and the headwater region recharges the local and regional bedrockground-water system. T h i s recharge causes the ground-water tab l e to rise. Theri s ing ground-water t a b l e and associated f l o w re sul t s in the s p r i n g t i m e waterf l u c t u a t i o n s of the W-O mine p o o l . A s i g n i f i c a n t p o r t i o n of the s p r i n g surge inregional ground-water f l o w is driven by h i g h e l evat ion snowmelt. M i n e poole l evat ions rise when i n f l o w to the mine exceed o u t f l o w . C o n s e q u e n t l y , a l arg epor t i on of t h i s ground-water recharge is stored in the mine by r i s ing water l eve l s .T h i s stored water is g r a d u a l l y drained out of the mine over a several monthper iod . Three major events drive the s p r i n g t i m e bedrock ground-water f l o wsurge into the mine pool (Figure 6-52):

(1) Early season (March-Apri l) l ow e levat ion local site snowmel t ,(2) Ear ly May h i g h e levation snowmelt above the W e l l i n g t o n mine
118American G e o l o g i c a l Service s , I n c .



F i n a l H y d r o g e o l o g i c ReportW e l l i n g t o n - O r o M i n e a n d M i l l S i t eMay 1999
workings, and(3) M i d - M a y t o J u n e headwater snowmelt.

The t i m i n g and impact of these snowmelt events on the amount of ground-wateri n f l o w to the mine, degree of mine pool e levation rise, and mine water o u t f l o wvolumes may vary f rom season to season d e p e n d i n g on c l imat i c conditions.
Direct i n f i l t r a t i o n into the workings from mine openings and p o s s i b l e directh y d r o l o g i c connections f r o m the a l l u v i a l v a l l e y and F r e n c h Creek a p p a r e n t l y arenot major recharge pathways and sources to the mine pool. The a l l uv ia l ground-water may contribute to recharging the local and regional bedrock ground-watersystems u p g r a d i e n t of the W-O site. The lack of mine pool and ground-waterlevel response to storm events at the mine site i m p l y that there are minimal directf l o w pathways for sur face water above the mine workings to enter the mine p o o l .T h i s lack of response also sugge s t s that the volume of water associated withstorm events is very smal l compared to the ground-water system, mine p o o l , andsnowmelt. The lack of correlation between i n d i v i d u a l F r e n c h Creek peak f l o w sand the mine pool e levation h y d r o g r a p h s s u p p o r t s minimal direct f l o w pathwaysfor French Creek water to enter the mine pool .
The seasonal s imi lar i ty between the mine p o o l , bedrock ground-water, f a u l tmonitoring w e l l s , and French Creek h y d r o g r a p h s i m p l i e s that bedrock frac ture sand f a u l t s are major f l o w condui t s for recharge water to the mine pool andF r e n c h Creek. The p r o l o n g e d peak water l ev e l s and gradual fa l l ing l i m b sd i s p l a y e d by the mine pool h y d r o g r a p h s sugges t s that mine water o u t f l o w isb u f f e r e d by the h y d r a u l i c p rop er t i e s of the frac tured and f a u l t e d bedrock. Thegreater area of u p g r a d i e n t mine workings exposed to the frac tured and f a u l t e dbedrock ground-water systems probab ly reduces the bedrock b u f f e r i n g capaci tyf or i n f l o w into th e mine (Figure 6-53). M a j o r conduit s f or regional bedrockground-water into the W-O mine working probab ly inc lude the upgradi en t GreatN o r t h e r n and J-faul t systems. Increased mine pool d i s charge d u r i n g h igh f l o wcondit ions are probab ly accommodated by a larger discharge area. Ther e l a t i v e l y constant h y d r a u l i c head elevation d i f f e r e n c e s between the mine p o o l ,a l l u v i a l a q u i f e r , and shale bedrock suggest s that there is s i g n i f i c a n t f l o w out ofthe mine throughou t the year.
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7.0 M i n e Pool Characterization S t u d y
7.1 Abstrac t
In January of 1997, Radon Abatement Systems (RAS) Inc. conductedgeophysical logging and water sampling on the Oro Mine shaft. This work wasconsidered a characterization study of the mine pool during low flow conditions.American Geological Services, Inc. in June of 1998 complemented this studywith a high flow evaluation. Geophysical logging involved a Video Log (camera),Water Quality Log (temperature, fluid electrical conductivity, pH and oxidation-reduction potential), Discrete Point Downhole Fluid Sampler, ColloidalBorescope, Hydrophysical flow evaluation technique, and a Heat PulseFlowmeter. Flow evaluations were also conducted on selected ground-watermonitoring wells in January of 1997 and May of 1996.
In the January 1997 study, the Video Log showed potential obstructions in theOro Mine shaft at 298 feet below surface that prevented an evaluation of thelower portions of the mineshaft. Further evaluation in the June 1998 studyresulted in the assessment that these obstructions would not impact thecharacterization of the lower portion of the Oro mine shaft. The flow evaluationson selected monitoring wells suggested that a significant amount of metalcontaminated mine water has been discharging into the French Gulch valley fromthe Bullhide and 11-10 faults and their associated fault block in the vicinity of the#3 Mine shaft. The results from the 1996 USGS salt tracer study indicated thatthe upper portion of the Oro Mine shaft was not hydraulically connected to the #3Mine shaft or the downgradient metal-contaminated alluvium or French Creek.The results from the Oro Mine shaft flow evaluation and water quality of the OroMine shaft water supported the USGS conclusion.
The mine waters appear to be young, less than 25 years old. The mine poolchemistry is very unstable, highly reactive, and chemical processes are poorlyunderstood. Consequently, the actual source, metal fate, and pathway of minewater to the discharge areas is difficult to assess and any conclusions fromchemical data and bench scale testing on mine pool waters may be suspectbecause they may not be representative of in-situ conditions. Based ontemperature logs and flow evaluations, significant flow appears to be occurringbelow the Oro Mine shaft 2nd drift level. A review of mine maps imply significantmine pool flow could be bypassing the Oro Mine shaft. The characterizationstudies also suggested that the flow to French Creek is via mine stopes, faults,fractures in the shale bedrock, and the shallow alluvial aquifer.
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7.2 I n t r o d u c t i o n
T h i s section presents the re su l t s and f i n d i n g s of a characterization s t udy on theOro and #3 mine s h a f t s and selected ground-water-monitoring wel l s . The s tudywas conducted under the d ire c t i on of the U.S. Environmental Protec t ion Agency( E P A ) Region V I I I a n d American G e o l o g i c Services , I n c . ( A G S ) through acombination o f f u n d i n g mechanisms i n c l u d i n g the EPA S u p e r f u n d EmergencyResponse G r o u p , EPA Headwat er s Grant , and interagency agreements betweenthe EPA and U.S. Bureau of Reclamation (BOR). The overall ob j e c t ive s of thes tudy were:
(1)To d e v e l o p an u n d e r s t a n d i n g o f the hydrochemical and ground-water f l o wcharacterist ics of the mine p o o l ,(2) G a i n a better u n d e r s t a n d i n g of the role of the mine pool water and itsr e l a t i o n s h i p to metal l o a d i n g to F r e n c h G u l c h , and(3) Evaluate p o t e n t i a l f l o w pathways of mine pool water to French G u l c h .
The s tudy took p l a c e between J a n u a r y 1997 and J u n e 1998. Variouscomponents of the s tudy i n c l u d e d :

• A low f l o w evaluat ion of Oro M i n e s h a f t i n f l o w us ing a H e a t Pul s eF l o w m e t e r ;• V i d e o l o g g i n g of the Oro Shaft;• Low f l o w water q u a l i t y l o g g i n g of the Oro M i n e s h a f t us ing down hole f i e l dparameter probe s;• Low f l o w discrete s a m p l i n g and chemical ana ly s i s of the Oro M i n e s h a f t atvarious d e p t h s ;• Removal of Oro M i n e s h a f t ob s truc t ions;• A h i g h f l o w evaluat ion of Oro M i n e s h a f t i n f l o w us ing a H e a t Pul s e F l o wmeter and c o l l o i d a l borescope;• High f l o w down hole f i e ld parameter probes and di screte level waters a m p l i n g ; and• Water q u a l i t y analy s i s of the Oro and #3 mine s h a f t s .
A d d i t i o n a l work i n c l u d e d f l o w evaluat ions and water s a m p l i n g of selectedmoni tor ing w e l l s at the W e l l i n g t o n - O r o (W-O) M i n e and Mill site d u r i n g both lowand h i g h f l o w condi t ions . The f o l l o w i n g presents a summary of the resultsi n c l u d i n g the m e t h o d o l o g i e s used for the various components of t h i s s tudy; adi s cu s s i on of these re sul t s and conc lu s ions based on these result s .
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7.3 M e t h o d o l o g y
G e o p h y s i c a l l o g g i n g and water s a m p l i n g of the Oro M i n e s h a f t and selectedm o n i t o r i n g w e l l s at the W e l l i n g t o n - O r o (W-O) M i n e and Mill site were conductedd u r i n g low f l o w winter c o n d i t i o n s f r o m J a n u a r y 20 to 22, 1997. In J u n e 1998,g e o p h y s i c a l l o g g i n g and water s a m p l i n g of the Oro M i n e s h a f t were repeated tocharacterize h i g h f l o w s p r i n g condi t ions . The 1998 s p r i n g rise in the Oro minepool was a p p r o x i m a t e l y f o u r f e e t . In contrast, the 1997 s p r i n g rise in the Oromine pool was nearly twenty f e e t . The low f l o w s t u d y was f u n d e d by the U.S.Environmental Protec t ion Agency ( E P A ) Region V I M S u p e r f u n d EmergencyResponse G r o u p . Radon Abatement Sys t ems (RAS) Inc. was subcontracted byU R S O p e r a t i n g Service s , a n E P A Region V I I I S u p e r f u n d prime contractor, t oconduct t h i s low f l o w work. It was o r i g i n a l l y p l a n n e d to c o m p l i m e n t th i s s t u d ywith a s i m i l a r evaluat ion d u r i n g s p r i n g 1997 h i g h f l o w condi t i ons . The EPAp o s t p o n e d the h i g h f l o w evaluat ion because of obs truct ions in the Oro Shaftpr ev en t ing the eva lua t i on of the lower l ev e l s and a de c i s i on to wait for f u r t h e rdirec t ion f r o m t h e French G u l c h Remediat ion O p p o r t u n i t i e s G r o u p ( F R O G ) . T h eEPA de c id ed in the s p r i n g of 1998 to removed the obs truct ions in the Oro M i n es h a f t and continue with the h igh f l o w characterization. ACS was contracted bythe U.S. Bureau of Reclamation to conduct the h igh f l o w s tudy.
The p u r p o s e of the Oro M i n e s h a f t g e ophy s i ca l l o g g i n g was to evaluate thevertical d i s t r i b u t i o n of water q u a l i t y and the phy s i ca l c ond i t i on s of the m i n e s h a f t .The 1997 and 1998 l o g g i n g inc luded a V i d e o Log (camera), Water Q u a l i t y Log(temperature , f l u id e lec trical c onduc t iv i ty , pH and ox ida t i on-reduc t i on p o t e n t i a l ) ,Discrete Point Downhole Fluid S a m p l e r , and a H e a t P u l s e f l owme t e r . A c o l l o i d a lborescope, a tool to characterize horizontal f l o w , was also demons tra t ed in theOro Mine s h a f t and monitoring well MW-3 d u r i n g the J u n e 1998 h i g h f l o w s tudy.In the 1997 low f l o w s tudy, RAS subcontracted the video l o g g i n g , water q u a l i t yl o g g i n g , and downhol e f luid s a m p l i n g to C O L O G , Inc. and the water analys i swork to I s o t o p e S o l u t i o n s Inc. and H y d r o L o g i c Laboratories . RAS leased theH e a t P u l s e f l o w m e t e r and s u p p o r t i n g equipment f r om C O L O G , Inc. andconducted f l o w evaluat ions on the Oro M i n e s h a f t and selected monitoring wel l s .The water analyse s in the low f l o w s tudy i n c l u d e d oxygen and hydrogen s tablei s o t op e s , metal s , and major cations and anions. In a d d i t i o n to these parameters ,the h i g h f l o w 1998 s tudy i n c l u d e d t r i t i u m analyses on selected d e p t h s in the OroM i n e s h a f t , #3 M i n e s h a f t , and evaluated redox chemistry. The 1998 h i g h f l o ws t u d y also i n c l u d e d " H y d r o p h y s i c a l " ( H p l ) 1 l o g g i n g techniques a n d a c o l l o i d a lborescope to evaluate f l o w in the Oro M i n e s h a f t . AGS subcontracted theg e o p h y s i c a l l o g g i n g to C O L O G , Inc. and the water analy s i s to I s o t o p e S o l u t i o n sInc. and ACZ Laboratory Services in the 1998 h i g h f l o w study. A p p e n d i x 7-1contains the RAS report on the "Geophys i ca l L o g g i n g , Water Q u a l i t y Eva lua t i onand S t a b l e I s o t o p e S t u d y of the Oro Shaft and S e l e c t e d M o n i t o r i n g W e l l s at the
1 H y d r o P h y s i c a l and HpL L o g g i n g are trademarks o f C O L O G , Inc.

122American G e o l o g i c a l Services , Inc .



F i n a l H y d r o g e o l o g i c ReportW e l l i n g t o n - O r o Mine and Mil l Sit eMay 1999
W e l l i n g t o n - O r o M i n e C o m p l e x , F r e n c h G u l c h Colorado" ( R A S , 1997a). T h e R A Sa p p e n d i c e s t o the ir report a r e a v a i l a b l e t hrough t h e E P A Region V I I I recordscenter. A p p e n d i x 7-2 contains the J u n e 1998 h i g h f l o w water chemistry dataf r om I s o t o p e S o l u t i o n s , Inc. and ACZ Laboratory Services.
The ground-water and Oro s h a f t mine pool f l o w eva luat ion was a c c o m p l i s h e dwith a C O L O G , I n c . h i g h re so lu t ion H e a t Pul s e F l o w m e t e r ( H P F ) . T h i s f l o w m e t e ris based on de t e c t ing the vertical movement of a thermal fluid tracer. The HeatP u l s e tool is able to heat or t h e r m a l l y tag the borehole fluid with an e lec tr icalheater grid by as much as one degree Fahrenhe i t . The f l o w rate is determinedby measuring the time f r o m heater grid d i s charge to the peak of the thermalp u l s e of water reaching an upper or lower thermistor sensor. As a result , theHPF can on ly determine the vertical f l o w d ir e c t i on and rate of vertical f l o w in aborehole. The tool was calibrated in a six-inch diameter PVC casing underlaboratory c ond i t i on s prior to c onduc t ing f i e l d measurements. C o n s e q u e n t l y , a l lf l o w rates measured by the tool are based on a six-inch diameter borehole.Measurements conducted on boreholes other than six inches in diameter have tobe corrected. The reported range of measurable vertical f l u i d movement is f rom0.01 gpm to 1.5 gpm in a six-inch d iamet er borehole. For a two-inch d iame t erborehole the range would be 0.002 gpm to 0.17 gpm.
The HpL l o g g i n g technique can evaluate both vertical and horizontal f l o wcomponents in a borehole and is a continuous l o g g i n g device. In contrast, theHeat Pulse f l owmet er is a stationary tool that evaluates the vertical f l o wcomponents in a borehole at di screte d e p t h s . The HpL l o g g i n g t e chnique i sbased on borehole l o g g i n g a f t e r the well fluid column has been replaced withe n v i r o n m e n t a l l y s a f e deionized (Dl) water. Dl water has a very low fluid electricalconduc t iv i ty (FEC). The Dl water prov ide s a d i s t inc t FEC contrast with then a t u r a l l y h igh FEC ground-water. After the well f lu id column has been replacedwith Dl water by a combination of Dl water i n j e c t i o n and well p u m p i n g , m u l t i p l eFEC measurements are taken with a fluid c onduc t iv i ty l o g g i n g tool over time andanalyzed to i d e n t i f y where high FEC ground-water is entering or e x i t ing theborehole. The rate of change of FEC in the borehole is used to q u a n t i f y verticaland horizontal f l o w rates. The evaluat ion and q u a n t i f i c a t i o n of h y d r o l o g i cparameters are a c c ompl i sh ed by using computer m o d e l i n g and i n t e r p r e t a t i o ntechniques.
C o l l o i d a l borescope t e c h n o l o g y was demonstrated in moni tor ing well MW-3 andthe 5 t h Level of the Oro Mine s h a f t . COLOG subcontracted th i s work toAquaVISION. The c o l l o i d a l borescope consists o f a camera, compass, o p t i c a lm a g n i f i c a t i o n lens, and a l i g h t source, which are contained in stainless steelhousing. The compass orientates the borescope. As c o l l o i d a l size p a r t i c l e s inthe ground-water pass beneath the lens, the l igh t source i l lumina t e s the part i c l e ss i m i l a r to a conventional microscope with a l i g h t stage. The borescope transmit san electronic image of the part i c l e s that is magni f i ed 140X to a PC computer atthe surface. A so f tware package compares d i g i t i z e d video f rame s of the c o l l o i d a l
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par t i c l e s . By tracking the movement of the p a r t i c l e s between video f rame s with aone-second f r e q u e n c y , the c o l l o i d a l p a r t i c l e v e l o c i ty and d i r e c t i on of f l o w can bede t ermined . The borescope can only track and q u a n t i f y the horizontal movementof the c o l l o i d a l par t i c l e s . A p p e n d i x 7-3 consists of a l e t t er report f r o mAquaVISION to COLOG. T h i s report describes th e c o l l o i d a l borescope andpre sent s th e F r e n c h G u l c h results .
7.4 S u m m a r y of Result s

7.4.1 J a n u a r y 1997 F l o w Eva lua t i on
The ground-water and Oro s h a f t mine pool f l o w eva lua t ions were a c c o m p l i s h e dwith a C O L O G , I n c . h i g h re so lut ion Heat P u l s e F l o w m e t e r ( H P F ) a n d" H y d r o P h y s i c a l " ( H p L ) l o g g i n g techniques. T h e H P F f l o w measurements wereconducted on six ground-water-monitoring w e l l s near the W-O M i n e and Mill site.These we l l s were selected for this study because of their m u l t i p l e screenedc o m p l e t i o n in t erval s (MW-1, MW-3, MW-4, MW-6, and MW-8) or largecontinuous screened interval (MW-19), h i g h metal ground-water contaminat ion,and l o c a t i o n s which bracket the B u l l h i d e and 11-10 f a u l t s near the W-O site(Figure 7-1, T a b l e 7-1). MW-19 was the o n l y six-inch d iamet er well evaluated inthis study. The other monitoring we l l s were two inches in diameter. The originalRAS ( 1 9 9 7 a ) report did not correct the HPF f l o w measurements p e r f o r m e d in thetwo-inch diameter we l l s . The f l o w in moni tor ing wel l MW-19 was also evaluatedd u r i n g s p r i n g h igh f l o w condi t ions in May o f 1996 us ing " H y d r o P h y s i c a l " (HpL)l o g g i n g techniques. C O L O G , INC. under a S t a t e o f C o l o r a d o Divis ion o fM i n e r a l s and G e o l o g y (DMG) contract conducted the " H y d r o P h y s i c a l " f l o wevaluat ion. T h e D M G f u n d i n g originated f r o m a n E P A Region V I I I Headwat e r sGrant.
T a b l e 7-2 summarizes the H e a t Pul s e f l o w m e t e r re su l t s for the selectedmonitoring we l l s and the Oro Mine s h a f t . T h i s table inc lude s corrected f l o wresult s for the two-inch d iameter we l l s . The Oro M i n e s h a f t is over 600 f e e t d e e pand has seven drift l eve l s ( F i g u r e 7-2). Accord ing to Lovering (1934), the OroShaft was connected to the #3 Mine s h a f t by the 3 r d , 5 t h , and 6 th Oro l eve l s vias topes and f a u l t s . A V i d e o Log (camera) was run in the Oro M i n e s h a f t pr ior tothe Heat Pul s e f l owmet er and other l o g g i n g too l s to assess the physicalc ond i t i on s of the m i n e s h a f t and determine the f e a s i b i l i t y of l o g g i n g with otherg e o p h y s i c a l tool s . C o n d u i t (?) cable debris was observed in the m i n e s h a f t at 298f e e t below surface. RAS dec ided it was too risky to lower the V i d e o tool andother g e o p h y s i c a l t oo l s below the cable debris. The cable debri s was betweenthe 3r<r and 4 t h Oro drift levels ( F i g u r e 7-2). The Heat Pulse f l owmeter did notdetect vertical f l o w in the 1 s t through 3 r d Oro l eve l s or above the cable debr i s( T a b l e 7-2).
The V i d e o Log was also used to q u a l i t a t i v e l y examine fluid f l o w in the Oro M i n e
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T a b l e 7-1
M u l t i p l e Screen W e l l s f o r H e a t Pul s e F l o w m e t e r Borehole L o g g i n gf rom RAS, 1997

Moni tor ing W e l l
MW-1
TD- 50'
MW-3
TD- 55'
MW-4TD- 64'
MW-6
TD- 54'
MW-8
TD- 46'
MW-1 9
T D - 1 1 0 '

Screen Intervals*
2 2 ' - 2 7 ' ( u p p e r Qal)3 3 ' - 4 3 ' (lower Q a l )1 5-25' ( u p p e r Q a l )4 5 ' - 5 0 ' (lower Q a l )
2 0 ' - 3 b ' ( u p p e r Qal)46-51 ' ( l o w e r Q a l )5 8 ' - 6 3 ' ( S h bedrock)
34^44'lower Q a l / t o p sh bedrock)49'-54' (sh bedrock)1 5 ' - 2 0 ' ( u p p e r Q a l )3 5 ' - 4 5 ' (lower Q a l )
3 0 ' - 1 1 0( Q a l / S h a l e bedrock)

Comments
Contaminated Qal well at mine site. F l o wdata for mine discharge.Contaminat ed Qal we ' l l downgradient minesite and mi l l t a i l i n g s . Flow data for bedrockand B u l l h i d e Faul t discharge.Contaminated Qal and shale we f ldowngradient mine site. F l o w data for mineand bedrock discharge.Contaminated Qal and sha l e well below millt a i l i n g s . F l o w data for bedrock d i s charge andB u l l h i d e F a u l t .Contaminated Qal well i m m e d i a t e l ydowngradient roaster f ines . F l o w data forroaster f i n e s and bedrock d i s chargeContaminat ed Qal and shale well . New 1 996well w/cont inuous s lo t t ed screen in Qal,B u l l h i d e f a u l t a n d S h a l e bedrock. F l o w datafor f a u l t and bedrock discharge.

*-depth measured from ground surfaceQal - Alluvial a q u i f e rT D - T o t a l D e p t h

s h a f t . A piece of colored yam was attached to the end of the V i d e o tool . The toolwas placed in a stationary mode between the mine drift levels for the purpose ofobserving any movement of the colored yarn due to fluid f l o w . No movement ofthe yarn was observed sugge s t ing that f l o w in the Oro 1 s t through 3rd l evel s andabove the 4th Oro level was min imal .
M o n i t o r i n g wel l M W - 1 9 had s i g n i f i c a n t upward vertical f l o w , up to 1.44 g a l l o n sper minute ( g p m ) , as measured by the Heat Pul s e f l owmet er in J a n u a r y of 1997(Table 7-2). T h i s well has been inferred to penetrate the B u l l h i d e Fault based onLevering (1934) m a p p i n g of the f a u l t and the observed surface expression of thef a u l t relative to the M W - 1 9 well location (Figure 7-1). The strong vertical upwardf l o w a p p a r e n t l y is driven by B u l l h i d e Fault seepage, fractured shale bedrock andp o r p h y r y , and f l o w associated with the base of the a l l u v i u m ( F i g u r e s 7-3).Monitoring we l l s MW-4 and MW-6 had a l imited range of measured upward f l o wbetween 0.11 gpm to 0.16 g p m , a p p r o x i m a t e l y 1 / 1 0 t h the f l o w measured in theMW-19 B u l l h i d e Fault well. T h i s f l o w was near the u p p e r detection l imi t of theh e a t p u l s e tool for two-inch diameter we l l s . The u p f l o w in MW-6 appeared to bedue to i n f l o w to the borehole f rom the fractured shale bedrock (Figure 7-4). Theu p f l o w in MW-4 appeared to be driven by f l o w a l ong the base of the a l l u v i u m( F i g u r e 7-5). M o n i t o r i n g w e l l s MW-4 and M W - 1 9 were d i s c h a r g i n g into the u p p e r
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T a b l e 7-2
J a n u a r y 1997 H e a t Pul s ef r o m R A S , F l o w m e t e r Resul t s1997

M o n i t o r i n g W e l l
Oro Mine Shaft

MW-1

MW-3

MW-4

Test Depths*-resul t s
11 6.00'- no vertical f l o w1 1 6.00'- no vertical f l o w1 16.00'- no vertical f l o w1 8 6 . 0 0 ' - no vertical f l o w1 8 6 . 0 0 ' - no vertical f l o w186.00 '- no vertical f l o w245.00- no vertical f l o w2 4 5 . 0 0 ' - no vertical f l o w2 4 5 . 0 0 ' - no vertical f l o w2 8 8 . 0 0 ' - no vertical f l o w2 8 8 . 0 0 ' - no vertical f l o w2 8 8 . 0 0 ' - no vertical f l o w1 8.00'- no vertical f l o w1 8.00'- no vertical f l o w30.00'- no vertical f l o w30.00'- no vertical f l o w32.00'- no vertical f l o w32.00'- no vertical f l o w45.61 ' - 0 . 0 8 g p m d o w n f l o w45.61 ' - 0 . 0 8 g p m d o w n f l o w
30 .00 '- 0.04 gpm u p f l o w30 .00 ' - 0.03 gpm u p f l o w3 0 . 0 0 ' - 0.02 g p m u p f l o w3 0 . 0 0 ' - 0.05 g p m u p f l o w3 0 . 0 0 ' - 0.02 g p m u p f l o w3 5 . 0 0 ' - 0.04 g p m u p f l o w3 5 . 0 0 ' - 0.03 g p m u p f l o w3 5 . 0 0 ' - 0.03 g p m u p f l o w3 5 . 0 0 ' - 0.02 g p m u p f l o w3 5 . 0 0 ' - 0.02 g p m u p f l o w52.00'- no vertical f l o w1 6 . 0 0 ' - n o vertical f l o w16 .00 ' - no vertical f l o w1 6 . 0 0 ' - n o vertical f l o w3 5 . 0 0 ' - 0.13 g p m u p f l o w3 7 . 0 0 ' - 0.13 g p m u p f l o w3 9 . 0 0 ' - 0.15 g p m u p f l o w3 9 . 0 0 ' - 0.15 g p m u p f l o w4 3 . 0 0 ' - 0.14 g p m u p f l o w4 3 . 0 0 ' - 0.14 g p m u p f l o w53.00'- no vertical f l o w55 .00 '- no vertical f l o w56.00'- no vertical f l o w

Comments
-water level 87.5' bgs
1st Oro Level 11 6'
2 n d O r o L e v e M 8 6 '
3rd Oro Level 245'
T o t a l D e p t h Oro Shaf t L o g g i n g 290 '

-water level 1 1 .65' bgs
-downward f l o w below lower screen

-water level 14.99' bgs (top of u p p e r screen)
-poor r e p e a t a b i l i t y and tool response forf l o w data
-measurements near lower de tec t ion l i m i t oft o o l , re sul t s q u e s t i o n a b l e

-water level 9.91 ' bgs
-good tool response and data r e p e a t a b i l i t y
-upward f l o w between lower and u p p e r Qalscreens
-no f l o w between shale bedrock and lowerQal screens
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T a b l e 7-2 (cont.)Moni tor ing W e l l
MW-6

MW-8

M W - 1 9

Test Depths*-resul t s
24.99'- no vertical f l o w24.99'- no vertical f l o w40 .01 ' - no vertical f l o w4 0 . 0 1 ' - n o vertical f l o w4 6 . 0 0 ' - 0.16 g p m u p f l o w4 6 . 0 0 ' - 0.15 g p m u p f l o w4 6 . 0 0 ' - 0.13 g p m u p f l o w4 6 . 0 0 ' - 0.13 g p m u p f l o w4 8 . 0 0 ' - 0.14 g p m u p f l o w4 8 . 0 0 ' - 0.12 gpm u p f l o w4 8 . 0 0 ' - 0 .1 1 gpm u p f l o w
1 3 . 5 0 ' - n o vertical f l o w13 .50 ' - no vertical f l o w1 3 . 5 0 ' - n o vertical f l o w2 8 . 0 0 ' - 0.03 g p m u p f l o w3 0 . 0 1 ' - 0.03 g p m u p f l o w3 2 . 0 0 ' - 0.02 g p m u p f l o w3 2 . 0 0 ' - 0.05 g p m u p f l o w
2 5 . 0 0 ' - n o f l o w2 5 . 0 0 ' - n o f l o w4 0 . 0 0 ' - 1.186 g p m u p f l o w4 0 . 0 0 ' - 1.168 g p m u p f l o w4 5 . 0 0 ' - 1 .442 gpm u p f l o w4 5 . 0 0 ' - 1 .442 gpm u p f l o w5 0 . 0 0 ' - 0.587 g p m u p f l o w5 0 . 0 0 ' - 0.578 g p m u p f l o w5 5 . 0 0 ' - no vertical f l o w55 .00 '- no vertical f l o w6 0 . 0 0 ' - 0.244 g p m d o w n f l o w6 0 . 0 0 ' - 0.567 gpm d o w n f l o w6 0 . 0 0 ' - 0.393 g p m d o w n f l o w6 0 . 0 0 ' - 0.370 g p m d o w n f l o w7 0 . 0 0 ' - 0.399 g p m u p f l o w7 0 . 0 0 ' - 0.528 g p m u p f l o w7 0 . 0 0 ' - 0.499 g p m u p f l o w8 5 . 0 0 ' - 0.602 g p m u p f l o w8 5 . 0 0 ' - 0.674 g p m u p f l o w8 5 . 0 0 ' - 0.633 g p m u p f l o w1 0 0 . 0 ' - 0.349 g p m u p f l o w1 0 0 . 0 ' - 0.358 g p m u p f l o w

Comments
-water level 16.82' bgs
-good tool response and data r e p e a t a b i l i t y
-upward f l o w between lower Q a l / t o p s ha l ebedrock and sha l e bedrock screens

-water level 12 .13 ' bgs
-poor tool response and f l o w datar e p e a t a b i l i t y
-measurements near lower de t e c t i on l i m i t oft o o l , re sul t s que s t ionable
-water level 9.89' bgs
-good tool response and data r e p e a t a b i l i t y
-upward f l o w above B u l l h i d e Faul t(?) @ 55'
-downward f l o w below B u l l h i d e F a u l t ( ? )
-upward f l o w between 70' to 100'

*-depth measured from ground surfaceQal - Alluvial a q u i f e rgpm - g a l l o n s per minute

al luv ium. Moni tor ing well MW-6 was d i s charging at the- top of the shale bedrocka n d / o r base o f the a l l u v i u m . The J a n u a r y 1997 H e a t P u l s e f l o w measurementsfor M W - 1 9 also showed downward f l o w i m m e d i a t e l y below the in f e rr ed d e p t h o fthe B u l l h i d e Faul t ( T a b l e 7-2, F i g u r e 7-3). T h i s downward f l o w was e x i t i n g theborehole between 60 and 70 f ee t below ground surface . Below 70 f e e t in M W - 1 9
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the f l o w m e t e r detected upward f l o w . The other downward f l o w detec ted by theH e a t P u l s e f l o w m e t e r in J a n u a r y of 1997 was in MW-1 ( F i g u r e 7-6). The HPFshowed i n f l o w to the MW-1 borehole f rom the base of the a l l u v i u m . T h i s f l o wwas d i s c h a r g i n g into the u n d e r l y i n g shale bedrock.
T h e M a y 1996 h i g h f l o w evaluation o n M W - 1 9 b y H y d r o P h y s i c a l L o g g i n g ( H p L )showed major water entry at a p p r o x i m a t e l y ( 5 5 ) f e e t ( B u l l h i d e Fault) with anupward f l o w rate above th i s entry of 0.63 gpm ( F i g u r e 7-7, T a b l e 7-3). T h i seva lua t i on did not detect any downward f l o w in the M W - 1 9 borehole. S i m i l a r tot h e J a n u a r y 1997 H P F l o w f l o w evaluat ion, t h e h i g h f l o w H p L eva lua t i on showedwater was e x i t ing the borehole into the u p p e r a l l u v i u m at 35 f e e t . The RAS( 1 9 9 7 a ) report stated that the upward f l o w of 0.63 gpm in the h i g h f l o w evaluat ionwas less than the comparable interval in J a n u a r y 1997 that had a HPFmeasurement of 1.44 gpm. The 1.44 gpm u p f l o w in J a n u a r y 1997 was a c t u a l l yabove the water entry associated with the base of the a l l u v i u m ( F i g u r e 7-3, T a b l e7-3). The upward f l o w rate i m m e d i a t e l y above the B u l l h i d e Fault averaged 0.58gpm for the J a n u a r y 1997 HPF measurements. T h i s rate was very s i m i l a r to theHpL c a l c u l a t i o n s of 0.63 gpm in May of 1996, a l t h o u g h the low f l o w evaluat ionshowed that a major component of the i n f l o w associated with the B u l l h i d e Faulthad downward f l o w that averaged 0.39 gpm. Cons equen t ly , the combinedupward and downward f l o w that brackets the B u l l h i d e Fault in the M W - 1 9borehole low f l o w evaluat ion averaged 0.97 g p m . A p p a r e n t l y , the h igh f l o wevaluat ion by H y d r o P h y s i c a l methods o n l y detected i n f l o w associated with theB u l l h i d e F a u l t wh i l e t h e l o w f l o w H e a t P u l s e f l o w m e t e r evaluat ion detected majori n f l o w associated with the both the B u l l h i d e Fault and the base of the a l l u v i u m .

T a b l e 7-3
M W - 1 9Compari s on o f M a y 1996 H y d r o P h y s i c a l L o g g i n g ( H p L ) F l o w Evalua t i onW i t hJ a n u a r y 1997 Heat Pulse F l o w m e t e r ( H P F ) Evaluat ion;.|v,:,:"per*hf;i:;i|3||fê |î |$|;;|iiiitiiiiii

45
45-50

50
55
60
100

T : ' : • :.^'/f&sliiijiiiii^^^^.;,.;; . :;y ;; yy» «-«::::.*.;{; ^ I S i t i ^ g i j S ^ M ?

above base a l l u v i u mabove top of shale bedrock(51 f e e t b g s )above B u l l h i d e F a u l tB u l i h i d e F a u l t
below B u l l h i d e F a u l tshale bedrockbase of borehole

SilamiSry:;1:997i^a
;»S|.l||i||̂ iSa î|ti|iB:W; j s i : f y g | | l i ^ s j l ^ l i J » W i . j ; p g g S

1 .44 gpm u p f l o w
0.86 gpm inf l ow*
6.58 gpm u p f l o w

no vertical f l o w0.97 gpm i n f l o w *0.39 gpm d o w n f l o w
0.35 gpm u p f l o w

aMapf 396 Hpfc

0.63 gpm u p f l o wminimal i n f l o w
0.63 gpm u p f l o w0.63 gpm i n f l o w

minimal f l o w
minimal u p f l o w

bgs - below ground sur facegpm - g a l l o n s per minute* c a l c u l a t e d f r o m vertical f l o w measurements
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The f l o w s measured in M W - 1 9 d u r i n g low and h igh f l o w condi t i ons were drivenby h y d r a u l i c head d i f f e r e n c e s between the a l l u v i u m , B u l l h i d e Fault , and bedrock.The higher f l o w measurements for MW-19 during low f l o w J a n u a r y condi t ions donot i m p l y that the mine pool has c o rr e spond ing h i g h e r d i s charge rates inJ a n u a r y . The h igher f l o w measurements in J a n u a r y 1997 sugge s t s that the headd i f f e r e n t i a l s were increased between the a l l u v i u m , B u l l h i d e Fault , and bedrock inlow f l o w c ond i t i on s compared to h i g h f l o w c ond i t i on s in May 1996.
The Heat Pul s e f l o w m e t e r in J a n u a r y of 1997 measured s i g n i f i c a n t l y lowerupward vertical f l o w , 0.02 gpm to 0.05 g p m , between the a l l u v i a l screenedinterval s in moni tor ing w e l l s MW-3 and MW-8 compared to the other we l l s . MW-3 and MW-8 are ou t s id e of the B u l l h i d e and 11-10 f a u l t b lock ( F i g u r e s 7-1, 7-8,and 7-9, T a b l e 7-2). The HPF data f rom these wel l s were of poor r e p e a t a b i l i t yand tool response and it could be interpreted that there was n e g l i g i b l e verticalf l o w associated with MW-3 and MW-8 (RAS, 1997a). A p o s s i b l e e x p l a n a t i o n forthe poor data q u a l i t y could be that these w e l l s are h i g h l y contaminated withmetal s and have low pH borehole f l u i d s that are t h e r m a l l y unstable. T h e s e w e l l sare located in the vicinity of the roaster f i n e s and m i l l t a i l ing s . M a p p i n g ofground-water t emperature s have shown h i g h t emperature anomalie s associatedwith moni tor ing we l l s MW-3 and MW-8 (Morri s s ey , 1995).

7.4.2 J a n u a r y 1997 Oro Mine S h a f t V i d e o Log
As p r e v i o u s l y d i s c u s s e d , the purpo s e of o b ta in ing a V i d e o Log (camera) on theOro Mine s h a f t was to observe the phys i ca l c o n d i t i o n s of the mine s h a f t ,determine the f e a s i b i l i t y of l o g g i n g the s h a f t with other g e o p h y s i c a l t o o l s , and toq u a l i t a t i v e l y evaluate f luid f l o w in the s h a f t . A copy of the s tandard VCRf ormat t ed tape for this l o g g i n g is available through URS Operating Services andthe BOR. No f l o w or mine drifts were observed in the video. In a d d i t i o n to thecable debr i s at 298 f ee t below ground sur face ( b g s ) , observations i n c l u d e d :

• t imbers across the mine s h a f t at the top of the mine pool at 87.5 f e e tbgs ( p o s s i b l y f l o a t i n g on top of the mine p o o l ) ,• scattered f i n e su spended debri s , and• a large ( p o s s i b l y greater than f iv e f e e t d i a m e t e r ) m i n e s h a f t (Figure 7-
2).

7.4.3 January 1997 Oro Mine S h a f t Water Qual i ty Log
The Water Q u a l i t y Log (WQL) involves continuous measurements o ft emperature, f lu id electrical conduct ivi ty, pH and ox ida t i on-reduc t i on p o t e n t i a l(ORP). The l o g g i n g interval in the Oro M i n e s h a f t was f r o m the top of the minepool at 88 f ee t bgs to a d e p t h of 290 fee t bgs, which was above the cable debris.This interval i n c l u d e d the 1 s t t hrough 3 r d Oro M i n e l e v e l s (Figure 7-2). Pla t e 2
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contains a copy of the l og . T a b l e 7-4 is a summary of the Water Q u a l i t y Log.T h e r e a p p e a r to be d i s c o n t i n u i t i e s in the water q u a l i t y data at d e p t h s of 113 f e e t ,140 f e e t , 186 f e e t , and 242 f ee t below ground sur fa c e ( P l a t e 2, T a b l e 7-4).Between 113 f ee t to 119 f e e t bgs the ORP (Eh) a b r u p t l y decreased f r o ma p p r o x i m a t e l y +185 mV to +120 mV. This interval corresponded to the 1st Orolevel (Figure 7-2). The other water q u a l i t y parameters did not d i s p l a y any abruptchanges at the 1 s t Oro level . At 140 f e e t bgs , the Eh, pH, and fluid e l ec tr i calc o n d u c t i v i t y (FEC) had abrupt changes over a one-foot interval . The pHincreased f r o m a p p r o x i m a t e l y 6.3 to 6.8 standard unit s (s.u.) wh i l e the Ehdecreased f r o m +110 mV to +90 mV. The 140 f ee t bgs d e p t h also correspondedto a change in the rate that the FEC was increasing with d e p t h . Between 88 f e e tbgs and 140 f e e t bgs the FEC was increasing at a rapid rate f r o m 1000 u.S/cm to3250 u,S/cm. Below 140 f e e t bgs, the FEC increase with d e p t h was very g r a d u a l .The 140 f e e t d e p t h is between the 1 s t and 2n d Oro l eve l s (Figure 7-2). T h e r e wasan abrupt increase in FEC at 242 f e e t bgs f r om 3700 to 3775 m i c r o S / c m . T h i sd e p t h c orre sponds to the 3 r d Oro M i n e level (Figure 7-2).

T a b l e 7-4
S u m m a r y of J a n u a r y 1997Oro M i n e Shaf tWater Q u a l i t y L o g ( W Q L )

Depth(fee t bg s)
113(1st OroL e v e l )140

1862nd OroL e v e l )
242

3rd OroL e v e l )

T e m p e r a t u r e( ° C )
»7.2

»8.4

=9.0(temperatures t a b i l i z e s )<9.0(t empera turestarts todecrease)

F E C( u S / c m )
»2,140

>3,220(rate of FECincrease change s)
>3,460

>3625( a b r u p t l yincreases by 75u S / c m )

pH(s.u.)
=6.3

> 6.3-6.8( a b r u p t l yincreases by 0.5s.u.)
=6.9

=6.9

ORP( m V )
«185 to 120( 1 1 3 ' - 1 1 9 ' b g s )
«1 10 to 90( a b r u p t l ydecreases by 10m V )

<72

<64

> s l i g h t increasing trend with d e p t h» moderate increasing trend with d e p t h< s l i g h t decreasing trend with d e p t h«moderate decreasing trend with d e p t h= constant value

F r o m 88 f e e t bgs to 186 f e e t bgs, the t emperature increased f r o m 6° C to 9° C. At186 f e e t bgs , the t emperature of the mine pool water s t ab i l i z ed at 9° C. The 186
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f e e t bgs d e p t h corresponds to the 2nd Oro M i n e l eve l . F r o m 186 f e e t bgs to 241f e e t bgs, the mine pool t emperature remained at 9° C. Below 241 f e e t bgs, themine pool t emperature s l i g h t l y decreased by 0.2° C.

7.4.4 J a n u a r y 1997 Oro M i n e S h a f t Fluid S a m p l i n g
T w o - l i t e r volume mine pool water s a m p l e s were co l l e c t ed with the di screte pointdownhole f l u i d s ampl er from f o u r d e p t h s in the Oro Mine sha f t : 116 f ee t bgs, 186fee t bgs, 245 f e e t bgs, and 288 f e e t bgs. T h e s e d e p t h s corresponded to the 1 s t

through 3rd Oro levels and the bottom of the logged interval ( F i g u r e 7-2). Thefluid s a m p l e s were analyzed for d i s s o lv ed and to ta l recoverable me ta l s , oxygenand hydrogen s tab l e i s o tope s , and major cations and anions. Fieldmeasurements o f pH, t emperature , d i s s o lv ed oxygen, and f lu id e lec tricalconduc t iv i ty (FEC) were taken at the sur face a f t e r the f luid s a m p l e s wereremoved f rom the sampler . In a d d i t i o n to the Oro M i n e s h a f t s a m p l e s , RAS alsos a m p l e d the recently d r i l l e d U . S . Bureau o f Reclamation lower m i l l t a i l i n g s well(WTL02) which is located south of F r e n c h G u l c h Road near moni tor ing well MW-2 ( F i g u r e 7-1). T a b l e s 7-5, 7-6 and 7-7 summarize the water q u a l i t y data.
A compari son of f i e l d measurements with the water q u a l i t y log on the Oro Mines h a f t was made in T a b l e 7-5. The purpose of this comparison was to determineif s ur fac e f i e l d measurements could a p p r o x i m a t e in-situ c ond i t i on s and be a dataq u a l i t y control mechanism. The f lu id s a m p l e f i e l d t emperature s were not r e l i ab l e .T h e s e t emperatures were measured in a f i e l d container a f t e r the s a m p l e s werereleased f rom the f luid sampler . Air t emperatures were below f r e e z ing whichresul ted in the measured fluid s a m p l e temperatures being lower than the in-situwater q u a l i t y log temperatures. It i s also p o s s i b l e that the s a m p l e t emperature swere changing in the discrete point sampler. The f l u i d s a m p l e s remained in thes a m p l e r for over 10 to 15 minutes , the time required to bring the s a m p l e r to thesurface and prepare f or f l u i d transfer. The dissolved oxygen f i e l d readings f orthe Oro Mine s h a f t f luid s a m p l e s were also not r e l i ab l e . T h e s e measurementswere taken at the surface in the f i e l d container. It was observed that the OroM i n e s h a f t f lu id s a m p l e s were d e g a s s i n g when removed f r o m the downhol e f lu idsampler. The degas s ing was probably related to the decrease of pressure whenthe s a m p l e s were raised f rom their s a m p l e d e p t h s and removed f rom thesampl er . The sur fac e f i e l d measurements o f pH for the Oro M i n e s h a f t f l u i ds a m p l e s were d i f f e r e n t f r o m the water q u a l i t y l og pH readings ( T a b l e 7-5). TheWQL pH measurements appeared to be c o n s i s t e n t l y h igher than the sur face f i e l dmeasurements. The WQL and s u r f a c e f i e ld measurements o f f lu id e lectricalc o n d u c t i v i t y ( F E C ) d i s p l a y e d s i m i l a r increasing trends with d e p t h . A l t h o u g h t h eFEC measurements exhibited s i m i l a r trends with d e p t h , the surface FECmeasurements and the water q u a l i t y log FEC abso lute values were s i g n i f i c a n t l yd i f f e r e n t . The in-situ FEC values were greater than the f i e l d measurements,e s p e c i a l l y with increasing d e p t h .

133American G e o l o g i c a l Services, I n c .



I
F i n a l H y d r o g e o l o g i c ReportW e l l i n g t o n - O r o M i n e a n d M i l l S i t eMay 1999

T a b l e 7-5
J a n u a r y 1997C o m p a r i s o n W a t e r Q u a l i t y L o g ( W Q L )withF l u i d S a m p l e F i e l d Parametersa f t e r R A S , 1997

S a m p l e No. S a m p l e Description
' . . . • . . ' • • : ' • A . ''-••

Depth toWater(m
p H *

(«•"•)
pHWQL

<s.u.)
Temp.*

f C )
T e m p .WQL( w c )

DO*
(%)

F E C *
( u S / c m )

FECWQL( u S / c r n )
F G 0 0 5 3
F G 0 0 5 2
F G 0 0 5 1
FG0050
F G 0 0 5 4

Oro Shaft 116 ft level
Oro Shaft 186 ft level
Oro Shaft 245 ft level
Oro Shaft 288 ft level

M i l l T a i l i n g s W e l l

87.5
87.5
87.5
87.5

12.02

5.71
6.26
6.28
6.28
6.59

6.0
6.9
6.9
6.9

N . A .

4.9
6.2
4.7
4.1
4.4

7.8
9.0
8.9
8.8

N . A .

64.4
74.1
77.2
72.5
1.8**

2,420
2,700
2,750
2,860
2,330

2,530
3,460
3,700
3,820

N . A .
l e a d i n g s measured at sur fa c e**reading measured in-s i tu ( s u r f a c e r e a d i n g 16%)N.A. - not a p p l i c a b l e
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T a b l e 7-6

Summary of J a n u a r y 1997 Water Qual i ty Dataf r om R A S , 1997
Sample #
Water Quality
Data
H a r d n e s s asCaCO 3 ( m g / L )A l k ( m g / L )
Calc. I D S ( m g / L )
T S S ( m g / L )
C l ( m g / L )
S 0 4 ( m g / L )
Ca-d ( m g / L )
K - d ( m g / L )
Mg-d ( m g / L )
Na-d ( m g / L )
A l - t / d ( u g / L )
Mn-t/d ( m g / L )
N i - t / d ( u g / L )
Zn-t/d ( m g / L )
C d - t / d ( u g / L )
Cu-t/d ( u g / L )
F e - t / d ( m g / L )
A s - t / d ( u g / L )
Pb-t/d ( u g / L )

FG0050
Oro S h a f t
288 ft level
1456
30
2,609
155,.„„..... ........
1700
382
3.07r122
14.2

160267ND
143.2/44.4
•"155/125
1 191/203
;206/i84
• 1 5 . 4 / N D
1 1 5 3 / 1 1 9
• 9 . 9 / N D
1 2 1 0 / N D

FG0051
Oro S h a f t
245 ft level
1382
40
2,589
132

"ND
1720
357
2.15hi 9"

119
• 1 0 8 0 / N D
|40.5/41.4
: 147/1 27
j 177/1 90
; 183/1 78i N D / N D
1 1 4 2 / 1 1 7
1 1 1 / N D
| 2 4 0 / N D

FG0052
Oro S h a f t
186 ft level
1374
40
2,542
124„„......„.....
1700
354
3.36

; i l 9
15.1

•4477ND"
136.9/39.1! i i 5 ? i 2 i
|170/174
l i 76/185
• N D / N D
: 137/1 10
• N D / N D
: 1 8 0 / N D

FG0053
Oro S h a f t
116 ft level
1080
20
2,304
14r6.95"" """
1560
273
1.81

•96.6
111.4
[1810/884
136.7/36.5
1123/127
1186/187
1384/387
|65.1/47.7
1 1 2 5 / 1 1 8
i N D / N D
1470/250

FG0054
M i l l T a i l i n g s
W e l l W T L 0 2
1151
100
2,226
14
33
1480
305
2
94.6
9.13r N D / N D
42.7/44.3
11157122
141/148

:5.69/7.5"5
' N D / N D
: 79.9/79.6
•28/30
1 30/4.2

"ND" = S a m p l e Concentration not detected above method report l i m i t"t" = T o t a l Recoverable"d" = Dis so lved
T a b l e 7-7

S u m m a r y of J a n u a r y 1997 S t a b l e I s o t o p e Dataf r om R A S , I n c .
Sample #
Stable
Iso top e s
Oxygen:
Delta O 1 8 ( % o )
Hydrogen:
Delta D (%o)

FG0050
Oro S h a f t
288 ft level
-19.2

-146

FG0051
Oro S h a f t
245 ft level
-19.4
-146

FG0052
Oro S h a f t
186 ft level
-19.2
-146

FG0053
Oro S h a f t
116 ft level
-19.0

-143

FGOOS4
M i l l T a i l i n g s
W e l l W T L 0 2
-18.9
-141
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The water q u a l i t y analyses for the d i f f e r e n t Oro M i n e s h a f t l ev e l s sugges t that themine poo l is not homogenous (Table 7-6). There were g e n e r a l l y three trends inwater qua l i ty parameters in the Oro Mine s h a f t :
1. increasing concentrations with d e p t h ( to ta l s u sp ended s o l i d s , c a l cu la t ed totald i s s o l v e d s o l i d s , ca l c ium, total recoverable and d i s s o l v e d Ni, and totalrecoverable F e ) ;2. h i g h concentrations associated with the 1 s t Oro level (Cl, Cd, Cu, and Pb);and3. r e l a t i v e l y minor changes in concentrations with d e p t h (alkalinity, SO4, Mg, Mn,and Zn).
The mi l l t a i l i n g ground-water concentrations for zinc, cadmium, iron, and leadwere lower compared to the Oro Mine s h a f t s a m p l e s . In p a r t i c u l a r , cadmium andzinc concentrations were s i g n i f i c a n t l y lower wh i l e arsenic and a l k a l i n i t y mil l t a i l i n gground-water concentrations were h igher (Table 7-6).
S e c t i o n 5.0 of t h i s report reviewed the basic concepts and theory behind usings t ab l e i so tope s of oxygen and hydrogen as natural tracers in ground and sur fac ewater s tudie s . RAS, Inc. conducted s tab l e i so tope s tud i e s for the S t a t e o fC o l o r a d o Divis ion of M i n e r a l s and G e o l o g y at F r e n c h G u l c h in 1996 and 1997(RAS, 1996a, 1996b, and 1997b). T h e s e s tudie s have demonstrated that theF r e n c h Creek sur face waters and associated a l l u v i a l ground-water, and theW e l l i n g t o n - O r o mine water at the #3 Mine s h a f t had a restricted range of i s o t o p i c
compos i t i ons . The oxygen i so topic c ompo s i t i on s ranged f rom -19.0%o to
-17.4%o. T h i s l i m i t e d range has been interpreted to be due to the dominance ofregional bedrock ground-water di scharge which i n f l u e n c e s the mine pool at the#3 M i n e s h a f t , F r e n c h Creek, and the a l l u v i a l a q u i f e r . T h e s e s tud i e s have alsoshown that the i s o t o p i c compos i t i on of snowmelt water in the 1996 and 1997winter seasons was 18O d e p l e t e d compared to the mine, sur fa c e , and groundwaters in F r e n c h G u l c h . The oxygen i so tope c o m p o s i t i o n of water f r o m the
March 1996 snow pack in the v i c in i ty of the mine site was (-27.2%o). The March
1997 snowmelt water at the mine site had i s o t op i c compos i t ions of (-23.6%o).A l t h o u g h all the waters in French G u l c h had a restricted range of i s o t op i cc o m p o s i t i o n s , there were two s t a t i s t i c a l l y d i s t i n c t groups: (1) mine water and (2)F r e n c h Creek/ground-water ( F i g u r e s 7-10 and 7-11). F i g u r e s 7-10 and 7-11 ares table i sotope low f l o w results in March of 1996 and 1997 with the J a n u a r y 1997s t a b l e i s o tope results f r o m the Oro M i n e s h a f t and the WTL02 mil l t a i l i n g s we l l .The mil l t a i l i n g s and 1 s t Oro level (ORO-116) i s o t op i c re su l t s p l o t wi thin the minewater i s o t o p i c c ompo s i t i on that was observed at the #3 M i n e s h a f t . The OroM i n e s h a f t s a m p l e s f r o m the 2n d level (ORO-186), 3 r d level (ORO-245), and at288 f ee t bgs (ORO-288) p l o t at lower oxygen and hydrogen i so tope compos i t i onsthan the #3 M i n e s h a f t water ( F i g u r e s 7-10 and 7-11).
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7.4.5 J u n e 1998 Obstruction Removal
AGS subcontracted KK P u m p Sys t ems and G o l d e n Dri l l ing I n c . t o remove theobstructions in the Oro Mine sha f t . In a d d i t i o n to the obstruction removaloperat ions , a larger hole was made in the Oro M i n e s h a f t concrete pad toimprove access. The top of the Oro mine pool was measured at 83.95 f e e t bgs.After removal of the protect ive concrete p a d , a t t empt s were made to removef l o a t i n g timbers with a m o d i f i e d 5 5 - g a l l o n drum conta in ing a metal screen on thebottom. A large hook was also used unsuc c e s s fu l ly to snag the f l o a t i n g timbers.The f i s h i n g with the 5 5 - g a l l o n drum resulted in l i m i t e d success. A c o u p l e of smal lt imbers were removed, but two large t imbers remained. T h e r e was concern thatif the large t imbers were not removed they may become jammed against thes h a f t w a l l s d u r i n g subsequent f i s h i n g a t t e m p t s for the lower cable debris at 298fee t bgs. After the f i s h i n g a t t empt s for the f l o a t i n g timbers, the 55-gal lon drumwas lowered to 500 f e e t bgs and raised without encountering obs truct ions orprob l ems . Prior to the obstruction removal operat ions , cables associated withpressure transducers and thermocoupl e s were removed f r o m the s h a f t . Port ionsof these cables were below the 298 f e e t bgs cable obstructions. T h e r e were alsono problems encountered during their removal. Based on the lack of problemswith lowering and rai s ing the 5 5 - g a l l o n drum and transducers, it was d e c id ed notto a t t empt to remove the lower cables at 298 bgs.

7.4.6 J u n e 1998 F l o w Eva lua t i on
A video log (camera) was run in the Oro M i n e s h a f t prior to the other g e ophy s i ca lt oo l s to assess the phy s i ca l c ond i t i on s of the m i n e s h a f t and determine thef e a s i b i l i t y o f f u r t h e r evaluations. The radius of view for the video cameraappear ed to be two to three f e e t . The conduit (?) cable observed in the J a n u a r y1997 s tudy was not encountered. A f i n e s i l t material was near the bottom of thes h a f t at a p p r o x i m a t e l y 590 f ee t bgs. COLOG measured the bottom of the s h a f tat 597 f e e t bgs. A loose t imber (?) was observed to be p r o t r u d i n g f rom the sideof the s h a f t at a p p r o x i m a t e l y 348 f e e t bgs (5 t h Oro L e v e l ) , but did not obstruct thel o g g i n g . No other obs truct ions were encountered d u r i n g the video l o g g i n g .
A colored piece of f l a g g i n g t ap e was also attached to the end of the V i d e o tool toq u a l i t a t i v e l y examine fluid f l o w in the m i n e s h a f t . The tool was p lac ed in as tat ionary mode at and between mine drift l evel s . No movement of the coloredtape was observed. Because of the large size of the m i n e s h a f t , o n l y very h i g hf l o w rates in the mine sha f t would move the color taped .
The COLOG h i g h re so lut ion H e a t Pul s e F l o w m e t e r (HFP) was used to detectvertical movement of mine water in the s h a f t . Prior to the f l o w t e s t ing , the H e a tP u l s e tool was evaluated for its a p p l i c a b i l i t y in a large mine s h a f t environment.The tool was f ired in the mine pool immed ia t e ly below the top of the mine water.Once f i r e d , the tool was p h y s i c a l l y moved v e r t i c a l l y upward and downward to
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observe if the tool ' s thermistors could detect the heat generated by the too l . Thet h e r m a l l y tagged mine pool was detected by the thermistors i n d i c a t i n g that themine pool did not t o t a l l y d i s p e r s e the heat. It was concluded that the H e a t P u l s etool could be used to detect and evaluate vertical f l o w in the mine sha f t . T a b l e 7-8summarizes t h e H p L results . T h e H F P re sul t s were also p l o t t e d o n C O L O G ' sW a t e r Q u a l i t y L o g ( P l a t e 3 ) . T h e H F P tool i s ca l ibrat ed f o r f l o w (i.e. g a l l o n p e rm i n u t e ) in a six-inch borehole. Due to the large size of the Oro M i n e s h a f t , thef l o w re su l t s were converted to a ve loc i ty in f e e t per minute (ft/min) which is ameasurement i n d e p e n d e n t of the size or volume of the Oro M i n e s h a f t . There su l t s o f the HFP f l o w evaluation showed no detected vertical f l o w above the 5 t h

Oro Level and upward f l o w of 0.0034 ft/min below the 5 th Level. An U.S. Bureauof M i n e s ( 1 9 7 1 ) report stated that the Oro M i n e s h a f t was 5 f e e t by 10 f e e t insize. C o n v e r t i n g the measured veloci ty to f l o w for the 5 f e e t by 10 f e e t m i n e s h a f t
T a b l e 7-8

Oro M i n e ShaftJ u n e 1998 H e a t Pul s e F l o w m e t e r Results
Test Depths*-results( f e e t / m i n u t e )1 8 6 ' - n o vertical f l o w

2 4 5 ' - n o vertical f l o w
3 3 2 ' - n o vertical f l o w
348' - 0.0034 ft/m u p f l o w
444' - 0.0034 ft/m u p f l o w
570' - 0.0034 ft/m u p f l o w

Comments 4

-water level 83.84' bgs
1 s t Oro Level 116'2nd Oro Level 186'3rd Oro Level 245'4th Oro Level 323'5th Oro Level 348'11-10 Fault near 444'6 th Oro Level 472'7 th Oro Level 590'T o t a l D e p t h Oro S h a f t L o g g i n g 597'

- d e p t h measured from top of concrete pad
** - Level and f a u l t d e p t h s f rom Lever ing (1934)
volume y i e l d s 1.31 g a l l o n s per minute. T h i s measurement p r o b a b l y representsthe lower de t e c t ion l i m i t o f the HFP in the large s h a f t environment.
C o l l o i d a l borescope t e c h n o l o g y was demonstrated in moni t or ing well MW-3 andthe 5 t h Level of the Oro Mine s h a f t . In monitoring well MW-3, a zone withs i g n i f i c a n t horizontal f l o w was detected by the c o l l o i d a l borescope in the m i d d l eof the u p p e r al luvial- screened interval , which is 15 to 25 f e e t below groundsurface. The p a r t i c l e f l o w direct ion was in a westerly d irec t ion consistent with thedown v a l l e y gradi en t . The measured veloc i ty values averaged 460 f e e t per day.A c c o r d i n g to AquaVISION, these c o l l o i d a l ve loc i t i e s were the highes t evermeasured by the borescope and represent the u p p e r l i m i t s for the equipment.The lower a l l u v i a l screen in MW-3 did not have any measurable ground-water
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f l o w . The l e t t er report erroneously referred to th i s interval to be c ompl e t ed in theshale bedrock. T h i s interval most l i k e l y represents clayey f i n e - g r a i n e d materialat the base of the a l l u v i u m and on top of the shale bedrock. It is also p o s s i b l ethat the lower screened interval could be p l u g g e d .
The c o l l o i d a l borescope f l o w measurements were also p e r f o r m e d on the OroMine s h a f t . T h i s d emons tra t i on was concentrated on the 5 t h Oro Level due totime constraints. It has been inferred f rom dewatering activit ie s associated withthe Oro M i n e s h a f t in the early 1970's that major water entry occurred at andbelow the 5th Level (Woodward-Clyde Consul tant s , 1975). T h i s source of waterentry was also s u p p o r t e d by the vertical f l o w eva lua t i on s , which showed upwardh e a t p u l s e f l o w measurements below the 5th Level and no d e t e c tab l e vertical f l o wabove the 5th level . T h i s s ugge s t s that mine water was moving f rom the d e e p e rs h a f t to the 5 th dri f t l eve l . The f i r s t two c o l l o i d a l borescope f l o w measurementd e p t h s were at 348 fee t bgs, Levering (1934) reported d e p t h for the 5 t h Level ,and at a d e p t h of 345 f e e t bgs. Both of these d e p t h measurements resulted ins w i r l i n g f l o w s u g g e s t i n g minimal h y d r a u l i c connection with t h e 5 t h d r i f t level . Thet h i rd d e p t h zone at 340 f e e t bgs showed s i g n i f i c a n t d ire c t i onal f l o w . T h e r e wasg e n e r a l l y a westerly f l o w towards the downgradient stream v a l l e y , but the f l o wdid vary between a southwest to northwest direction. The Levering (1934)underground mine maps showed the 5 th level to intersect the Oro M i n e s h a f t in anorthwest orientation. The pr edominan t orientat ion of the 5 t h Leve l , ou t s ide thelocal area of the Oro Mine s h a f t , is a southwest d irec t ion. F l o w ve loc i ty wasmeasured at 150 f e e t per day. It is p o s s i b l e that Lovering's 1934 reported d e p t hfor the 5th Oro Level was 5 to 10 f e e t low. The d e p t h di screpancy could be dueto ground sur face a l t e ra t i on s around the Oro M i n e s h a f t since Lovering's work.The present ground in the vic ini ty of the Oro M i n e s h a f t a p p e a r s to have beenexcavated in the past.
A m o d i f i e d HpL technique was also at t empted on the Oro Mine s h a f t . A p p e n d i x7-4 contains a l e t t e r report f r om COLOG to AGS summarizing the m o d i f i e d HpLtechnique and discusses the results. The HpL technique is based on r e p l a c i n gthe f o r m a t i o n fluid in a borehole with low fluid e lectrical c onduc t iv i ty Dl water toprov ide a d i s t i n c t contrast with the h i g h f o r m a t i o n f lu id conduc t iv i ty f o r m a t i o nwater. For the Oro Mine s h a f t it was decided to injec t low fluid electricalc o n d u c t i v i t y , 70 to 100 j u s , ups tream creek water instead of Dl water to contrastwith the mine pool water fluid conduc t iv i ty of 2,000 us to over 3,000 us.COLOG's i n j e c t i o n system had the capac i ty to p u m p at an average of 20 g a l l o n sper minute. The total i n j e c t i o n volume per test d e p t h was a p p r o x i m a t e l y 800g a l l o n s , the capacity of the water truck. Consequently, it required around 45minutes of p u m p i n g to injec t the 800 g a l l o n s of creek water per test d e p t h . Thef i r s t d e p t h for i n j e c t i o n was at 585 f ee t bgs, i m m e d i a t e l y above the lowest driftlevel (7 t h ) in th e Oro M i n e s h a f t (Figure 7-12). The COLOG HpL l o g g i n g (f lu ide lec trical c o n d u c t i v i t y ) did not detect the low conduc t iv i ty creek water s l u g a f t e rthe 45 minutes of injec t ion. The ini t ial interpretat ion of this test was that
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horizontal f l o w at the 7 th Oro Level was at least 20 gpm. The next i n j e c t i o n d e p t hwas 523 f e e t bgs , between the 6 t h and 7 t h Oro drift l evel s . A s l i g h t l y lowerconduc t iv i ty s l u g , a p p r o x i m a t e l y 100 \iS less than the c onduc t iv i ty measuredbelow the i n j e c t i o n point wa s detected by HpL l o g g i n g (Figure 7-13). S i m i l a rresults were observed in subsequent in j e c t i on d e p t h s of 418 f e e t bgs, 334 f e e tbgs, and 240 f ee t bgs. A l t h o u g h there was a s l i g h t decrease in fluid c onduc t iv i tyat the po in t of i n j e c t i o n , the overall fluid conduc t iv i ty of the mine pool did nots i g n i f i c a n t l y change a f t e r i n j e c t i o n compared to th e pr e- in j e c t i on f lu id c onduc t iv i ty( A p p e n d i x 7-4, F i g u r e 7-14). According to m o d e l i n g results, if the lowc o n d u c t i v i t y creek water was conservative there shou ld have been a much lowermine pool fluid conduc t iv i ty than observed at the po int of i n j e c t i o n ( A p p e n d i x 7-4).It is suspected that the lack of a low conduc t iv i ty creek water i n j e c t i o n s l u g wasdue to m o b i l i z a t i o n and d i s s o l u t i o n of metal and p o s s i b l y non-metal spec i e s , andother geochemical processes as a result of mix ing the creek water with the minepoo l . C o n s e q u e n t l y , i t was not p o s s i b l e to model the HpL data for f l o wevaluat ion.

7.4.7 J u n e 1998 Oro Mine S h a f t Water Quali ty Log
The water q u a l i t y l o g g i n g interval in the Oro Mine s h a f t d u r i n g the 1998 h i g h f l o wevaluat ion was f r o m the top of the mine pool at 83.84 f e e t bgs to the taggedbottom of the s h a f t at 597 fee t bgs. The water qual i ty l o g g i n g was conductedseveral days a f t e r the obstruction removal a t t e m p t s and prior to the f l o wevaluat ions. T h i s interval i n c l u d e d the 1 s t t hrough the 7 t h Oro Mine dri f t l eve l s( F i g u r e 7-12). T h e COLOG Water Q u a l i t y L o g ( W Q L ) i n c l u d e d continuousmeasurements of temperature, f luid electrical conductivity (FEC), pH andox ida t i on-reduc t i on p o t e n t i a l (ORP). P l a t e 3 contains a copy of the WQL. T a b l e7-9 summarizes the Oro m i n e s h a f t J u n e 1998 Water Q u a l i t y Log. T h e r e a p p e a rto be d i s c o n t i n u i t i e s in the water q u a l i t y data near the top of the mine p o o l , 113f e e t bgs, 136 f e e t bgs, 170 f e e t bgs, 190 f e e t bgs, 205 f e e t bgs. 244 f ee t bgs,410 f e e t bgs, and 440 f ee t bgs (Table 7-9). The f o l l o w i n g s i g n i f i c a n t changesoccur in pH, ORP or Eh, and FEC wi th in the u p p e r ten f e e t of the mine p o o l :

1. ORP a b r u p t l y decreases f r o m a p p r o x i m a t e l y +260 mV to +160 mV,2. pH increases f rom 4.2 standard units (s.u.) to 6.1 s.u., and3. FEC increased f r o m 1,540 pS to 2,400 |aS.
The next s i g n i f i c a n t phys i ca l change in the mine pool occurs around the 2nd Orodrift Level. The temperature gradient , which was increasing with d e p t h , s tabilizesat the 2nd Oro Level at a temperature of 9°C. Below the 3rd Oro Level thet emperature grad i en t a c t u a l l y reverses with a 0.2°C t emperature decrease. As i m i l a r t empera ture decrease was observed in the J a n u a r y 1997 l o g g i n g (Table7-4). The t emperature a p p e a r s to return to a normal increasing gradient belowthe 5 t h Oro Level and the 11-10 Fault s p l a y s . The deepes t d i s c o n t i n u i t y in the
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water qua l i ty l o g g i n g occurred in the vicinity of where Levering (1934) indicated11-10 Fault s p l a y s intersect the Oro m i n e s h a f t . At 440 f e e t bgs, the ORP

T a b l e 7-9
Summary of J u n e 1998Oro Mine ShaftWater Q u a l i t y L o g ( W Q L )

Depth( f e e t bg s)
86( t o p of minep o o l )113(1 s t Orol e v e l )136(be low 1 s t

Oro l e v e l )
170(above 2n d

Oro L e v e l )190(below 2 n d

Oro L e v e l )205(below 2 n d

Oro L e v e l )244(3rd oroL e v e l )
410(near 11-10F a u l t )
440(near 11 -10F a u l t )

Tempera tur e
( ° C )
=6.5

>7.3

>8.0

>8.7

=9.0(temperatures t a b i l i z e s )=9.0

<9.0(tempera turebegins todecrease)<8.8(tempera tur estarts to increasea g a i n )<9.0

F E C( u S / c m )
»1,540

=2,400

>2,470

>2,740

=2,800

=2,800

>2,830( F E C starts s l i g h tincrease)
>3,010

>3,070

PH(s.u.)
»4.2-6.1(abrup t increase8 6 ' - 9 5 ' b g s )

=6.1

>6.2

=6.7

=6.7

=6.7

=6.7

=6.7

=6.7

ORP( m V )
«260-160( a b r u p t decrease8 6 ' - 9 5 ' b g s )<150

<1~28

<94

<88

<82

=76(ORP s t a b i l i z e s )

=68

«52-8(ORP a b r u p t l ydecreases 4 4 0 ' -450' b g s )> s l i g h t increasing trend with d e p t h» moderate increasing trend with d e p t h< s l i g h t decreas ing trend with d e p t h«moderate decreas ing trend with d e p t h= constant value
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a b r u p t l y decreases by 44 mV to 8 mV over a ten f e e t interval. Below 490 f e e tbgs to the bottom of the s h a f t the ORP stabil ized at +52 mV (Plat e 3).
The t empera ture and ORP p r o f i l e s between the J u n e 1998 and J a n u a r y 1997l o g g i n g were very s imi lar ( T a b l e s 7-4 and 7-9). There were d i f f e r e n c e s for FECand pH. A l t h o u g h the FEC increased with d e p t h in both the J u n e 1998 andJ a n u a r y 1997 l o g g i n g , the overall l ow f l o w J a n u a r y FEC values were higher. ThepH values were s l i g h t l y higher in January 1997. It is po s s i b l e that low ("clean")FEC ground-water that was recharging the mine pool d u r i n g h i g h f l o w c ond i t i on sin J u n e 1998 d i l u t e d the h i g h FEC mine water r e s u l t i n g in lower FEC mine watercompared to low f l o w c ond i t i on s in J a n u a r y 1997. The ris ing mine pool l eve l sd u r i n g h i g h f l o w c o n d i t i o n s p r o b a b l y generated metal-bearing acid s o l u t i o n s byreacting with s u l f i d e mineral s in the presence of oxygen. The greater o x i d i z i n gcond i t i on s and acid generation in J u n e 1998 is s u p p o r t e d by h i g h ORP valuesand low pH values at the top of the mine pool (Table 7-9).

7.4.8 J u n e 1998 Oro and #3 M i n e S h a f t Fluid S a m p l i n g
A p p r o x i m a t e l y two-li ter volume mine pool water s a m p l e s were co l l e c t ed withCOLOG's discrete point downhol e f l u id s a m p l e r f r om f i v e d e p t h s in th e Oro M i n es h a f t ; 186 fee t bgs, 245 fee t bgs, 348 fee t bgs, 444 fee t bgs, and 570 fee t bgs.In a d d i t i o n , the #3 M i n e s h a f t and soil boring EXO-2 were s a m p l e d . Fluids a m p l e s f r om the m i n e s h a f t s were analyzed for d i s s o l v ed and total metal s ,oxygen and hydrogen stable i sotopes, tr i t ium, and major cations and anions.F i e l d measurements o n t h e mine pool s a m p l e s i n c l u d e d p H , t emperature , f l u i dc o n d u c t i v i t y , f e r rou s iron, a l k a l i n i t y , and s u l f i t e . The U . S . Bureau of Reclamationin 1996 d r i l l e d the EXO-2 soil boring. T h i s boring is located i m m e d i a t e l y south ofthe X 1 O U 8 waste p i l e . The boring was o n l y s ampl ed for s tab l e i so tope analy s i sbecause there was less than a f o o t of water in the 2-inch diameter PCV casingand it had never been d e v e l o p e d . T a b l e s 7-10, 7-11, and 7-12 summarize thewater q u a l i t y data. A p p e n d i x 7-5 is a c o m p i l a t i o n of all the mine water q u a l i t yresult s since s a m p l i n g was in i t ia t ed on the mine poo l in 1996.
Compari sons of f ie ld and laboratory measurements with the COLOG's waterq u a l i t y log on the Oro M i n e s h a f t were made in T a b l e 7-10. A c c o r d i n g toC O L O G , the pH and FEC probes on their water q u a l i t y log were calibrated priorto the Oro Mine s h a f t work. Consequently, it is assumed that the water qual i tylog represents in-situ measurements. Dissolved oxygen ( D O ) measurementswere not i n c l u d e d in the J u n e 1998 program due to u n r e l i a b l e sur facemeasurements and the p o s s i b i l i t y that high s u l f i d e concentrations in the minepool would damage any in-situ DO probe. S i m i l a r to the J a n u a r y 1997t emperature measurements, the sur fac e f luid s a m p l e f i e ld t emperatures were notre l iable . The warm air temperatures resulted in the surface measured fluids a m p l e t emperature s to be h igher than the water q u a l i t y log temperatures. The
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T a b l e 7-10
J u n e 1998C o m p a r i s o n Water Q u a l i t y L o g ( W Q L )withF l u i d S a m p l e F i e l d Parameters a n d Laboratory Measurements

S a m p l e N o . S a m p l e Descr ip t i on D e p t h toWale f( f t )
Lab
pH

( S . U . )

F i e l dPH*(s.u.)
WQLpH
( S . U . )

f i e l dTemp.*(«C)
WQLTemp.( ° G )

LabF E C
( l i S / c m )

F i e l dPEG*
( U S / c m )

WQL
F E C( n S / c m )

0007
0006
0005
0004
0003
0001
0009

Oro Shaft 186 ft level
Oro Shaft 245 ft level
Oro Shaft 348 ft level
Oro Shaft 444 ft level
Oro Shaft 570 ft level

#3 M i n e
EXO-2

83.81
83.81
83.84
83.84
83.84
11.06
9.11

4.8
4.7
5.0
5.3
5.8
5.1
n.d.

5.8
5.69
5.87
5.65
5.9

5.85
n.d.

6.7
6.7
6.7
6.7
6.7

N A
N . A .

15.7
11.8
8.9

13.8
15.4
11.7
n.d.

8.9
9.0
8.7
9.1
9.6

N . A .
N A

2,280
2,230
2,310
2,420
2,930
2,780

N . A .

2,190
2,150
1,830
2,180
2,780
2,300
3,300

2,800
2,830
2,950
3,040
3,130

N A
N A

head ing s measured at sur fa c en.d. - not d e t e rminedN.A. - not a p p l i c a b l e
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T a b l e 7-11
S u m m a r y o f J u n e 1998 W a t e r Q u a l i t y DataSample # 0003 0004 0005 0006 0007 0001 0002 0001/0002

Water Quality
Data

Oro S h a f t
570 ft level

Oro S h a f t
444 ft level

Oro Shaft
348 ft level

Oro S h a f t
245 ft level

Oro Shaft
186 ft level

#3 M i n e Shaft #3 M i n e S h a f t
D u p l i c a t e

#3 Mine S h a f t
RPD

H a r d n e s s |1638 J 1 1 5 0as C a C p 3 (mg/L) | |Carbon, to tal organic ;2 !2T p C ( m g / L )

• 1 1 1 1 J 1 2 0 9 1415 ;1416
_ ' - . . . . _ _:2_ _ _:2 :2 . . , »:2 o.o"

" i T O "
"178"

F i e l d A l k a l i n i t y ( m g / L ) 1145
Lab" "Alkal in i ty "(mg/L)"" J 7 8 "
FH"te"r"a"bie"f"b"S"(rng7L")"; 3,

J 8 5 ~. _t_ _ _ _174
|55 ;45. I . - - - .13

!70
":45"

; N A "iaobie"
C a l c u l a t e d . I D SOnfl^)................N o n - F i l t e r a b l e T S S( m g / L )""""""""""

!32 :50 |48
. ' - _ _ . ,•2

: ' 4 6 :600 40
TO.O";2 \2

S u T f a t e S6i"(mg7L)"
S u l f i d e a s S ( m g / L ) j<0.02 ( N D ) (ND) " " " ""<"a62 "(ND)" " " "<0.b"2"(ND)" " " ; ' < b . b 2 " ( N D ) " " " " o.07

" """" """""""" """" T<2 """"""""""""""""""""""""
b".09" 20"

L a b S u l f i t e S O 3m g / L ) " ( N D ) "
Field Sul f i t e SO 3 :<0.64 (ND) |<0.64 (ND) ;<0.64 (ND) |<0.64 (ND) :<0.64 (ND) |<0.64 (ND) :<0.64 (ND) :NA

"""";b\4"4"""""""""""1b".4y"""""""""""ib^i"""""""""""":b:53""""'"""""":6"6"""""""""""""";b.8"""""""""""""":2"8:6A m m o n i a N H ? ( m g / L ) 10.54" " " " " " " " " " " T<"6"oi "("ND")""""i<o.bi"(ND)""";<b"."o"i"("N"b")"""" i<o .o i""(NDj""7<o!o i ("N'Dj""""TNA""
1b.b9"""""""""""1bJ65"""'""""""";b:66"""""""""";b"i3""""""""""""ib.b6""""""'""""l73:7( T f l / L )Nitrate NO"2 as N iO.07i

";435"
:0.16

a-d (mg/L)
K - d ( " r n g / L ) " " "
M g - d ( m g 7 " L J "

;299J _ _ _ _ - .;2.8:99"
;291

13.0"";94"
;289 1316

'\2~.8~
;367- . " . _ . _ . _|3.0

:369
;3.b"
: l2b"

j O . 5t o ' . b "T o ' . ' s "94".6"
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Table 7-11 (continued)
Sample #
Water Quality
Data
N a - d ( m g / L )
A g - t / d ( u g / L )
A l - t / d ( u g / L )
A s - t / d ( u g / L )
C d - t / d ( u g / L )
Cr-t/d ( u g / L )
Cu-t /d ( u g / L )
Fieid Ferrous Fe^-t( m g / L )Lab Ferrou s Fe -t( m g / L )F e - t / d ( m g / L )
M n - t / d ( m g / L ) :
Mo-t (ug/L) :
N i - t / d ( u g / L ) ;
P b - t / d ( u g / L ) i
S b - t ( u g / L ) |
Se-t (ug/L) \
U-t (ug/L) |
V-t (ug/L) i
Z n - t / d ( m g / L ) |

0003
Oro Shaft
570 ft level
14.9
<0.5/<0.5
( N D )
100/100
1 4 / 1 2
16/9
7 / < 2 ( N D )
40/35 ;
180 1
142 :
143/142 |
40.8/43.3 :
<1 (ND) |
150/150 }
<80/<40 ( N D ) ;
<1 (ND) 1
<1 (ND) i
1.6 :
<1 (ND) ;
137/148 i

0004
Oro Shaft
444 ft level
11.1
<0.5/<0.5
( N D ) . . . . . . . . . . .830/710i i / 9
205/234
<1/<2 ( N D ) ,
88/84 |
' 1 3 0 |
116 |
1 2 1 / 1 2 3 j
36.4/37.5 i
<1 (ND) |
i 2 0 / i i 6 ;
240/200 i
<1 (ND) I
<1 (ND) |
1.3 :
<1 (ND) i
160/172 :

0005
Oro Shaft
348 ft level
11.8
<0.5/<0.5( N D )
970/830
10/8
249/268
< i / < 2 ( N D )
1 1 2 / 9 1
140
101
1 1 4 / 1 2 2 |
34.5/36.5 i
<1 (ND) ;
11" 0 / 1 1 0 i
300/260 i
<1 (ND) :
<1 (ND) ;
1.4 l
<1 (ND) ;
1 5 9 / 1 7 2 !

0006
Oro Shaft
245 ft level
12.2
<0.5/<0.2( N D )
900/800i i / i i
232/294
<17<6.4 ( N D )
108/133
140
123
1 1 9 / 1 1 8
35.6/36.2 ;
<1 (ND) ;l i b V i i o i
280/280 ;
<1 (ND) !
<1 (ND) i
1.3 :
<1 (ND) ;
1 6 2 / 1 7 1 !

0007
Oro Shaft
186 ft level
11.6
<0.5/<0.2

. ( N D )1,020/850r i i / i 4
265/226
<1/<6.4 (ND) ]
130/100 |
130 |
125 :
110/134 |
33.4/37.7 ;
<1 (ND) |
200/110 ;
340/200 ;
<1 (ND) ;
<1 (ND) ;
1.3 :<i (Nbj !
1 5 9 / 1 7 7 ;

0001
#3 M i n e Shaft
13.8
5 . 0 / < 0 . 5 ( N D )
15,300/160
6 3 / < 5 ( N b )
166/64
3 / < 2 ( N D )
474/37
165
145 ;
1 7 3 / 1 3 1 ;
42.8/44.2 1
2 :
130/130 ;
4,600/260 :4 ;
<1 (ND) i
8.4 :
5 i
1 9 7 / 1 9 6 :

0002
#3 M i n e S h a f t
D u p l i c a t e
13.6
4 . 9 / < 0 . 5 ( N D )
15,000/170
67/6
153/62
3 / < 2 ( N b j
499/38
nd
nd
170/132 |
43/44.2 ;
2 :
1 3 0 / 1 2 0 ;
4,700/240 ;
4 :
<1 (ND) :
8.6 !
6 i
1 9 4 / 1 9 5 :

0001/0002
#3 M i n e Shaft
RPD
1.5
2 . 0 / N A
2.0/3.0
6 . 2 / N A
8.2/3.2
0 . 0 / N A
5.1/2.7
N A
N A
1.7/0.8
0.5/0.0
0.0
0/8.0
2.2/8.0
0.0
N A
2.4
18.2
1.5/0.5

"ND" = S a m p l e Conc en t ra t i on not detec ted above method report l imit"t" = Total Recoverable"d" = Dis so lved" N A " = N o t A p p l i c a b l e"RPD" = Rela t ive Percent D i f f e r e n c e (EPA acceptance cri teria <20%)
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T a b l e 7-12
S u m m a r y o f J u n e 1998 S t a b l e I s o t o p e and T r i t i u m Data

Sample #

T r i t i u m T o t a l ( T U )
Oxygen:
D e l t a O1 8 (%o)
H y d r o g e n :
D e l t a D (%o)

0009
EXO-2
X 1 0 U 8T a i l i n g sn.d.
-18.1
-137

0010
F G - 0
S N O W
n.d.
-19.3
-144

0003
Oro Shaft
570 ft level
n.d.
-18.7
-145

0004
Oro Shaft
444 ft level
22
-18.6
-139

0005
Oro Shaft
348 ft level
n.d.
-18.6
-_-143-----

0006
Oro S h a f t
245 ft level
n.d.
-18.4
-141

0007
Oro Shaft
186 ft level
20
-18.6

-138

OOOf
#3 M i n e Shaft

18
-18.6
-140

0002
#3 M i n e Shaft
D u p l i c a t e
n.d.
-18.8
-i4i

"n.d." = not de t ermined
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f i e l d pH measurements were also c on s i s t en t ly lower, a p p r o x i m a t e l y 1 s.u., thanthe water q u a l i t y log readings. The laboratory-measured pHs on rawunpreserved sampl e s was even lower than the f i e l d measured pH ( T a b l e 7-10).F i e l d a n d laboratory measured f l u i d e l e c t r i ca l c o n d u c t i v i t y ( F E C ) weres i g n i f i c a n t l y lower than the in-situ water q u a l i t y l og readings . The laboratory FECwas u s u a l l y s l i g h t l y h igher than f i e l d measured FEC. The laboratory and waterq u a l i t y log FEC measurements were increasing with s a m p l e d e p t h . Sec t i on 7.4of t h i s report di scus se s p o s s i b l e e x p l a n a t i o n s for these observations.
In contrast to the J a n u a r y 1997 s a m p l i n g , because of b u d g e t i n g constraints theJ u n e 1998 s a m p l i n g of the Oro Mine s h a f t did not i n c l u d e the top of the minep o o l . T h e r e f o r e , trends in water q u a l i t y parameters for the 1998 re su l t s are f r o mthe 186 f e e t d e p t h (2n d Oro L e v e l ) and deeper. The increas ing concentrationswith d e p t h trend observed in the J a n u a r y 1997 re su l t s for t o ta l s u sp ended s o l i d sand calc ium were not evident in the J u n e 1998 data. For the J u n e 1998 re su l t s ,ca l cu la t ed total d i s s o lv ed s o l i d s and s u l f a t e concentrations increased with d e p t h ,except for the 444 f e e t d e p t h (11-10 Fault?). W i t h the e x c ep t i on of the J u n e1998 348 f e e t d e p t h (5 t h Oro L e v e l ) , f i e l d - m e a s u r e d a l k a l i n i t y and totalrecoverable iron concentrations increased with d e p t h (Table 1 1 ) . The lowests a m p l e d e p t h in J u n e 1998 (570 f e e t ) showed the greatest variation f r o m theother Oro Mine s h a f t s a m p l e s . T h i s d e p t h had s i g n i f i c a n t l y h igher concentrationsf o r hardnes s , f i e l d - m e a s u r e d a l k a l i n i t y , measured f i l t e r a b l e T D S , ca l cu la t ed T D S ,s u l f a t e , Ca, Mg, Na, Cr, f errous iron, and total recoverable and d i s s o lv ed Fe.T h i s d e p t h also had s i g n i f i c a n t l y lower concentrations for Al, Cd, Cu, and Pb ands l i g h t l y lower concentrations of TSS and Zn. For most of the water q u a l i t yparameters, the #3 Mine s h a f t concentrations were between the Oro 570 fee td e p t h and the other Oro d e p t h s a m p l e s (Table 11). The major e x c ep t i on s f or th e#3 M i n e s h a f t J u n e 1998 water q u a l i t y parameters occurred with s i g n i f i c a n t l yh igher total recoverable Al, As, Cu, Pb, and TSS compared to the Oro M i n e s h a f ts a m p l e s .
Results for the oxygen and hydrogen stable isotope results are presented inT a b l e 7-12. In a d d i t i o n to the mine pool s a m p l e s f r om the Oro and #3 mines h a f t s , i s o tope s a m p l e s were co l l e c t ed f r om the soil boring (EXO-2) due south ofthe X 1 0 U 8 mine waste t a i l i n g s and f rom snow (FG-0) located a p p r o x i m a t e l y 3.5mile s up v a l l e y f r o m the W-O site. It was o r i g i n a l l y p l a n n e d to co l l e c t snows a m p l e s f r o m the r idge above the W e l l i n g t o n workings and the X 1 0 U 8 wastep i l e s . Snow pack could not be f o u n d in this area dur ing the J u n e 1998 study.T h e r e f o r e , snow was c o l l e c t ed f r om a smal l snow p i l e protected by dense treesi m m e d i a t e l y ad jac en t to French G u l c h Road in the u p p e r por t i on s of FrenchG u l c h val ley. The h i g h e levation snow pack was nearly mel ted out d u r i n g theJ u n e 1998 study. F i g u r e 7-15 is a p l o t of all the F r e n c h G u l c h i s o t o p e data since1996 showing three g r o u p i n g s ; snow me l t , mine water, and FrenchCreek/ground-water. The Oro and #3 mine s h a f t s a m p l e s p l o t within the minewater g r o u p ( T a b l e s 7-7 and 7-12, F i g u r e s 7-15 and 7-16). The EXO-2 s a m p l e
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p l o t s p r e d o m i n a n t l y in the French Cre ek/ground-wat er group whi l e the FG-0snow s a m p l e p l o t s between the snowmelt and mine water g r o u p i n g s .
The three t r i t i u m s a m p l e s f r o m the Oro and #3 mine s h a f t s had a l i m i t e d range ofvalues f r o m 18 to 22 t r i t ium unit s (Table 7-12). T h e s e re sul t s are wi th in the errorof +/- 3 TU for the analytical methods. The f o l l o w i n g section discusses thes i g n i f i c a n c e of the t r i t i um data.
7.4 Discussion
The J a n u a r y 1997 resul t s of the f l o w evaluation on selected metal contaminatedmonitoring w e l l s in the v i c in i ty o f the W e l l i n g t o n - O r o M i n e and Mill c o m p l e xsuggest that a s i g n i f i c a n t port ion of mine water discharge has been occurringwi th in the f a u l t b lock between the B u l l h i d e and 11-10 f a u l t s (Figure 7-1). It hasbeen inferred f r om f l o w data at MW-19 that the B u l l h i d e Fault is a major conduitfor mine water. The upward vertical f l o w in MW-19 was measured to be as h i g has 1.44 gpm or 0.003 cfs. T h i s f l o w is very s i m i l a r to the vertical upward f l o wmeasured below the 5 t h Level in the Oro M i n e s h a f t in the J u n e 1998 study. Theupward vertical f l o w wi th in the shale bedrock in MW-19 and MW-6 sugge s t s thatfrac ture s may also be condui t s for mine water. The downward f l o w f r o m thebase of the a l l u v i u m into the shale bedrock in MW-1 and the s i g n i f i c a n t f l o wassociated with the base of the a l l u v i u m in MW-19 and MW-4, has beeninterpre ted to be due to mine water d i s c h a r g i n g d i r e c t l y into the base of thea l luv ium in the vicinity of the #3 Mine site. The pathway for thi s direct minedi s charge to the a l l u v i u m could be f r o m underground mine s l o p i n g up to the baseof the a l l u v i u m and bedrock f a u l t and fracture seepage into the base of thea l l u v i u m ( F i g u r e 7-12a).
The observed f l o w rates in the moni tor ing w e l l s are a f u n c t i o n of the h y d r a u l i chead d i f f e r e n c e s between the mine p o o l , B u l l h i d e Faul t , frac tured shale bedrock,and a l l u v i u m . The s l i g h t l y lower measured f l o w rates in MW-19 d u r i n g h i g h f l o wc ond i t i on s suggest that the increased mine d i s charge in the s p r i n g h i g h f l o w isaccommodated by an increase in di s charge area and storage in the mine pooland not by increase f l o w rates wi th in the mine d i s charge areas. For f u r t h e rexp lanat i on , see the previous discussion on the f a u l t e d and fractured bedrockb u f f e r i n g the mine o u t f l o w in section 6 of t h i s report.
Limi t ed evaluat ion of horizontal f l o w in the Oro M i n e s h a f t 5 t h drift level showedf l o w in a westerly direc t ion, up to 150 fee t per day. Assuming a 5 fee t by 7 fee tdrift, th i s f l o w ve loc i ty can a p p r o x i m a t e a d i s charge rate of 25 g a l l o n s per minute.A c c o r d i n g to Levering (1934) mine maps, the 3 and 5 th Oro l ev e l s are the onlydrif t s that pass t h r o u g h the Oro M i n e s h a f t , the other dri f t l eve l s e i ther terminateinto the s h a f t or connect the drift level to the s h a f t with a crosscut. C o n s e q u e n t l y ,evaluat ion of horizontal f l o w for the other drift l ev e l s in the Oro M i n e s h a f t maynot be representative of the ir f l o w ou t s id e of the s h a f t .
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The Oro Mine s h a f t J a n u a r y 1997 low f l o w characterization study was conductedto a mine d e p t h of 298 f e e t bgs. This d e p t h was between the 3rd and 4 th Orolevels and only represented the u p p e r h a l f of the s h a f t ( F i g u r e 7-2). The J u n e1998 h i g h f l o w characterization covered the entire mine s h a f t that i n c l u d e d the1st through 7th Oro levels ( F i g u r e 7-12). F i g u r e 7-17 is a p l o t comparing theJ a n u a r y 1997 and J u n e 1998 mine pool i so tope data. The data suggest that themine water s h i f t e d during the J u n e 1998 h igh f l o w towards the re la t ive ly 818O-richG r o u p #2 which is characteris t ic of regional bedrock ground-water, F r e n c hCreek, and the a l l u v i a l ground-water (see section 5 of this report). S i m i l a r s h i f t sd u r i n g h igh f l o w condi t i on s were observed in the 1996 and 1997 i so tope datafrom the #3 mine pool and wel l s and seeps in f luenced by mine water discharge( F i g u r e s 7-18 and 7-19). The s e s h i f t s would i m p l y that direct i n f i l t r a t i o n of 618O-poor snowmelt into the mine pool was not re spons ib le for the s p r i n g recharge ofthe mine. One p o s s i b l e e x p l a n a t i o n for these s h i f t s i s that French Creek a n d / o rthe a l l u v i a l ground-water is re sponsible for the spr ing mine pool recharge.Individual d i s charge peaks on the F r e n c h Creek h y d r o g r a p h were not evident inmine pool elevation hydrograph s . T h i s would suggest that there are not directpathways for French Creek and a l l u v i a l ground-water to recharge the mine p o o l .A second p o s s i b l e e x p l a n a t i o n for these s h i f t s , which is s u p p o r t e d by pr ev iou s lydiscussed characterization s tud i e s , i s that s p r i n g snowmelt initially recharges ther e l a t i v e l y 818O-rich ground-water. The recharge re sul t s in a nearly instantaneouspressure response on the ground-water system and F r e n c h Creek (see Brooks,1998, A p p e n d i x 7-6). The ground-water pressure response f r o m the snowmelta p p e a r s to be r e spon s i b l e for the h i g h f l o w ground-water recharge of the minepool and the i n i t i a l increase in the SO compos i t i on o f the mine water. The lowf l o w 6 1 8O-poor mine waters may represent the time it requires for the previouss e a s o n ' s h igh f l o w 81 8O-poor snow melt i n f l u e n c e d ground-water t o p h y s i c a l l yreach the mine poo l . T h i s e x p l a n a t i o n would i m p l y that there is ground-waterb a s e f l o w into the mine dur ing low f l o w c ond i t i on s and the ground-water is veryyoung in age. The tr i t ium data suggest that the #3 and Oro M i n e pool water canbe bracketed in age between the early 1970's to present (pers . comm. B.M.S m i t h , I s o t o p e S o l u t i o n s , 1998).
F i g u r e 7-20 is a p l o t of i so tope data for all the snow s a m p l e s since 1996. Thesnow s a m p l e s were c on s i s t en t ly 8 1 8O-poor compared to mine, ground-water, andstream s a m p l e s ( F i g u r e 7-15). March snow s a m p l e s a p p e a r to be more 518O-poor than s p r i n g snow pack s a m p l e d in May and J u n e . Pos s i b l e e x p l a n a t i o n s forthe seasonal d i f f e r e n c e are that s p r i n g snowstorms are f rom a d i f f e r e n t originthan winter storms and are associated with h igher temperatures of p r e c i p i t a t i o n .In a d d i t i o n , the s p r i n g snow pack may have been contaminated with rain eventsthat tend to be 61 8O-rich compared to snow events.
The J a n u a r y 1997 and J u n e 1998 water q u a l i t y f r om the u p p e r Oro Mine poola p p e a r s to be d i f f e r e n t f r o m the water in the #3 M i n e s h a f t , e s p e c i a l l y the 1 s t Orolevel. F i g u r e s 7-21, 7-22, and 7-23 are p l o t s of selected total recoverable metal
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concentrations (Zn, Cd, and Fe) f r o m the f o u r J a n u a r y 1997 s a m p l e d d e p t h s inthe Oro M i n e s h a f t , the #3 M i n e Shaft r e l i e f wel l (MSRW-3), the downgrad i en tmine seep (FG-6C), and monitoring well MW-3. S e e p F G - 6 C and well MW-3a p p e a r s to be i n f l u e n c e d by mine water di scharge. The s tab l e i s o t ope da tas u p p o r t s the mine water i n f l u e n c e ( F i g u r e s 7-10 and 7-11). F i g u r e s 7-24, 7-25,and 7-26 are p l o t s of total recoverable Zn, Cd, and Fe concentrations for the f i v eJ u n e 1998 s a m p l e d e p t h s in the Oro M i n e s h a f t and the #3 Mine s h a f t . Thef o l l o w i n g d i s cu s s ion compares the J a n u a r y 1997 and J u n e 1998 selected metalresult s for the Oro s h a f t and the downgradi en t mine water.
The J a n u a r y 1997 Zn concentrations t ended to be h igher in the u p p e r Oro Mines h a f t than the downgradi en t mine waters and the #3 M i n e concentrations inJ a n u a r y 1997 (Figure 7-21). In contrast, the J u n e 1998 Oro M i n e s h a f t Znconcentrations were lower than the #3 Mine s h a f t concentrations (Figure 7-24).It appear s that the J u n e 1998 h igh Zn concentrations decreased in the Oro M i n es h a f t wh i l e the #3 M i n e Zn concentrations increased relative to low f l o wcondi t i on s .
A comparison of Cd concentrations between h i g h and low f l o w condi t i on sshowed an o p p o s i t e trend than Zn concentrations. The 1 s t Oro level J a n u a r y1997 Cd concentrations were more than d o u b l e the downgrad i en t mine waterand the #3 M i n e concentrations (Figure 7-22). The other J a n u a r y 1997 Orod e p t h s Cd concentrations were s i m i l a r to the downgrad i en t mine waterconcentrations. W i t h the except ion of the 570 f e e t l e v e l , J u n e 1998 Cdconcentrations in the Oro M i n e s h a f t were cons i s t en t ly h igher than the #3 M i n es h a f t ( F i g u r e 7-25).
The J a n u a r y 1997 Fe concentrations in the Oro M i n e s h a f t g r a d u a l l y increasedf r om 125 mg/L at the 116 f ee t bgs 1 s t Oro level (ORO-116) to 153 mg/L betweenthe 3rd and 4 t h Oro l eve l s at 288 f ee t bgs (Figure 7-23). T h i s increase in Feconcentrations with d e p t h correlates t o th e f lu id electrical c onduc t iv i ty (FEC)increase on the water q u a l i t y log ( P l a t e 2). The #3 M i n e and the downgrad i en tmine water Fe concentrations tended to be h igher than the Oro Mine s h a f tconcentrations ( F i g u r e s 7-23 and 7-26). The J u n e 1998 Fe concentrations alsod i s p l a y e d a general increase with d e p t h in the Oro Mine s h a f t (Figure 7-26).
Measured f e rrou s Fe concentrations of the mine pool waters were very s i m i l a r tototal recoverable Fe concentrations in the J u n e 1998 s tudy ( A p p e n d i x 7-5). T h i ssugge s t s that the Oro and #3 M i n e s h a f t s mine pool waters were in ap r e d o m i n a n t l y reducing environment. A plo t of the Oro M i n e shaft ' s ORP (Eh)and pH from COLOG's J a n u a r y 1997 and J u n e 1998 water q u a l i t y l o g s suggestthat the mine pool is s l i g h t l y reducing ( F i g u r e 7-27).. F i g u r e 7-28 is a mored e t a i l e d E h - p H p l o t of the Oro mine pool for the J a n u a r y 1997 and J u n e 1998s tudie s . G e n e r a l l y , below the 116 f ee t d e p t h the mine pool waters are nearlyneutral and more reducing than the u p p e r mine pool waters. The u p p e r few f e e tof the mine pool in J u n e 1998 (see Plat e 3) was more acidic (pH 4.4) and less
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reduc ing than the other sampl e s . The top of the mine pool and the 186 f ee td e p t h showed the greatest variation between high and low f l o w conditions. The186 f e e t level d i s p l a y e d a s h i f t towards more o x i d i z i n g condi t i on s d u r i n g the J u n e1998 h igh f l o w study ( F i g u r e 7-28). It has been inferred f r om a Bureau of Mine s( 1 9 7 1 ) report that the 186 drift level may have been d e v e l o p e d with a d d i t i o n a lad i t s and s t o p i n g in the early 1970's via the M a i n T u n n e l west of the Oro s h a f t .T h i s area may be a s i g n i f i c a n t ARD source.
A comparison of f i e ld (at s u r f a c e ) and in-situ (COLOG's water qua l i ty l o g )measurements of water q u a l i t y parameters suggest s i g n i f i c a n t chemical changesof the mine pool sampl e s were taking place during the s a m p l i n g process( A p p e n d i x 7-5). As a r e su l t , any inference s made f rom the laboratory analysesand bench scale te s t ing of the mine waters are suspect because they may notrepresent in-situ condit ions. S a m p l e pH readings decrease s i g n i f i c a n t l y f r omnear neutral in-situ conditions to a pH that ranges for surface readings f rom 5.5to 6.3 s.u. and laboratory measurements f r o m 4.2 to 5.8 s.u. S i g n i f i c a n tdecreases in f l u i d electrical conduc t iv i ty and a l k a l i n i t y also occurred between in-situ c o n d i t i o n s , sur face r e a d i n g s , and laboratory measurements. T h e r e was al soa consistent s l i g h t decrease in f errou s Fe concentrations between f i e l d andlaboratory measurements. Thes e changes suggest that chemical species werep r e c i p i t a t i n g , o x i d i z i n g and p r o d u c i n g acidic c ond i t i on s d u r i n g th e s a m p l i n gprocess. T h i s may include pre c ip i ta t i on of carbonate species, Fe and othermetal s , and ox ida t i on of Fe and s u l f u r species to generate acid.

It was common that d i s s o lv ed Zn and Mn concentrations were s l i g h t l y h igherthan total recoverable metals ( T a b l e s 7-6 and 7-7). T h i s could be due to twod i f f e r e n t s a m p l e p r e p a r a t i o n methods. "Dissolved M e t a l s " are o p e r a t i o n a l l yd e f i n e d as metals that pass through a 0.45 micron f i l t e r . "Total RecoverableM e t a l s " means the concentration of metal s in an u n f i l t e r e d s a m p l e f o l l o w i n gd i g e s t i o n with hot mineral acid. I n c o m p l e t e d i g e s t i o n and p o s s i b l y p r e c i p i t a t i o nof Zn and Mn species may be r e spon s i b l e for the lower total metalconcentrations. The Zn metal ICP analys i s of d i s s o lved versus total recoverablemay also be complicated by interference with Fe ICP peaks.
There is concern about the s a m p l i n g of the #3 Mine s h a f t in the J u n e 1998 study.The s h a f t was cased with 4" diameter PVC and grouted in 1992. The casing wasopen into the #3 Mine drift level at 110 fee t bgs by i n j e c t i n g air into the casingwhi l e the grout was curing. During i n i t i a l p u r g i n g of the cased m i n e s h a f t in theJ u n e 1998 s tudy using a p u m p rate of a p p r o x i m a t e l y three to f i v e g a l l o n s perminute, the water level d r o p p e d a c o u p l e of f e e t and the submers ible purge p u m pwent dry. The p u m p was subsequent ly lowered and the purged mine waterbecame h i g h l y turbid with abundant iron-rich a p p e a r i n g sediment. P u r g i n gproceeded for over one and a h a l f - h o u r s with an estimated volume of over 300g a l l o n s and a reduction of most of the turbidi ty. Prior to s a m p l i n g , the water levelrecovered to over a f oo t h i g h e r than prior to p u r g i n g . T h i s h igher water levelcorresponded to the levels measured in the #3 Mine rel ie f well . It was suspected
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that the #3 M i n e s h a f t was p a r t i a l l y p l u g g e d prior to p u r g i n g . The stress on the•3 M i n e s h a f t well caused by the p u m p i n g a p p a r e n t l y u n p l u g g e d the s h a f t . It i sbelieved that the u n p l u g g i n g resulted in large amounts of su spended clay whichwas r e f l e c t e d in the water analys i s by h i g h total s u sp ended s o l i d s (TSS) and totalrecoverable a l u m i n u m (Table 7-7 and A p p e n d i x 7-5). A comparison withprevious #3 M i n e water analyses f r o m the r e l i e f well M S R W - 3 showeds i g n i f i c a n t l y h i g h e r total recoverable As, Cu, and Pb in the J u n e 1998 s a m p l e s . Itis not known if these h igher concentrations are related to the u n p l u g g i n g of thes h a f t .
The USGS salt tracer s tudy in July o f 1996 injec t ed l i t h i u m c h l o r i d e into the t op o fthe Oro M i n e p o o l . T h i s i n j e c t i o n increased the ch l or id e concentration of theu p p e r Oro M i n e pool f r om a p p r o x i m a t e l y 2.5 mg/L prior to i n j e c t i o n to over 60mg/L a f t e r i n j e c t i o n . The J a n u a r y 1997 Oro M i n e s h a f t s a m p l i n g showed the 1 s t

Oro level to have a c h l o r i d e concentration of nearly 7 mg/L, more than twice thenatural background and the concentration at the 2nd and 3rd Oro l eve l s (Figure 7-29). L i t h i u m was never detected in the downgrad i en t F r e n c h Creek streams a m p l i n g lo ca t ions , moni tor ing w e l l s (MW-3), seeps (FG-6C), or mine waters a m p l e s at M S R W - 3 (Kimball e t al. , 1997). The J u n e 1998 s t udy did not s a m p l ethe top of the Oro M i n e s h a f t . Cons equen t ly , it could not be de t ermined if the Clconcentrations were still elevated. The elevated l eve l s of tracer in the u p p e rm i n e s h a f t months a f t e r i n j e c t i o n f u r t h e r s u p p o r t t h e U S G S conclusion that th i sarea of the s h a f t was not communicating with the downgradient mine d i s chargeareas (Kimball et. al . , 1997).
The f o l l o w i n g i n f o r m a t i o n s u p p o r t s the conclusion that the u p p e r Oro s h a f t minewater is p o o r l y mixed with the W-O mine p o o l :
• elevated tracer concentrations at the 1 s t Oro level months a f t e r i n j e c t i o n ;
• the lack of l i t h i u m tracer in the downgradi en t moni tor ing sites and the #3M i n e ;
• the lack of f l o w in the u p p e r Oro M i n e s h a f t ; and
• the water q u a l i t y contrast of the u p p e r Oro M i n e pool compared to thedowngrad i en t mine waters and #3 Mine pool water.
It was in f erred in the salt tracer s tudy and by the RAS s tudy that the lowerportions of the mine poo l , below the 3rd Oro leve l , are the source of mine waterd i s c h a r g i n g in the area of the #3 M i n e s h a f t and the B u l l h i d e and 11-10 f a u l tb lock (Kimball et. a l . , 1997, and RAS, 1997a). Due to the c o m p l e x chemistry ofthe mine pool and p o t e n t i a l for s i g n i f i c a n t mine water f l o w b y p a s s i n g the OroM i n e s h a f t , it is p r e s u m p t u o u s to i n f e r that the lower por t i on s of the Oro Mines h a f t are the sole source of mine water in the #3 Mine s h a f t area. The J u n e1998 t emperature log showed a s i g n i f i c a n t decrease in t emperature f r o m the 186f e e t 2n d Oro drift level to below the 348 f e e t 5 t h Oro Level (Figure 7-30). T h i swould suggest f l o w in thi s area of the mine. The pathway for the mine water
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could be s tope s between mine l eve l s and f a u l t s that cut the mine workings, manyof which may bypass the Oro mine sha f t (Figure 7-12a). The HPF evaluat ionsugge s t s that mine water d i s charge at the Oro Mine s h a f t , the #3 M i n e s h a f t , andthe B u l l h i d e 11-10 f a u l t block was a p p a r e n t l y driven by a strong upward verticalground-water f l o w d u r i n g both low f l o w c o n d i t i o n s in J a n u a r y of 1997 and h i g hf l o w in J u n e of 1998. S i g n i f i c a n t horizontal f l o w is associated with at least the 5 th

Oro drift level.
The s tab l e i s o t ope da ta for the mi l l t a i l i n g s well south o f F r e n c h G u l c h Roadsuggest that W-O mine water is d i s charging into the m i l l t a i l i n g s . The f l o wevaluat ion of se lected monitoring w e l l s also sugges t s that the f l o w pa thway to themill t a i l i n g s has a strong vertical upward component. T h i s pathway may i n c l u d emine water f l o w through f a u l t s , fractured shale bedrock, and the a l l u v i a l a q u i f e rbe fore it d i s charges into the m i l l t a i l i n g s . It is believed that most of the metalcontaminat ion in the mill t a i l i n g ground-water originated f r o m the mine poo l .Some of the contamination could be f r om l each ing of the mill t a i l i n g s . Thes i g n i f i c a n t l y lower metal concentrations in this well compared to the mine watersugge s t s that many of the metals have been attenuated a n d / o r d i l u t e d a l o n g thef l o w pathway to the m i l l t a i l i n g s .
The s table isotope data from soil boring EXO-2 suggest that the source ofcontaminated ground-water in the area south of the X 1 0 U 8 t a i l i n g s was notunderground W-O mine water but leachate f r om the t a i l i n g s . Water levelmoni t or ing of thi s area in 1998 showed that the sha l l ow a q u i f e r had its h ighe s twater l ev e l s in la t e April and early May, s u g g e s t i n g that t h i s area is i n f l u e n c e d bylocal snowmelt and may have a perched a l l u v i a l ground-water table .Development and fluid s a m p l i n g of the soil borings in thi s area should beconducted d u r i n g this time of season when there is s u f f i c i e n t fluid in the soilborings.
7.5 Conc lu s i on s
F l o w evaluat ions of selected ground-water monitoring we l l s in the vic ini ty theW e l l i n g t o n - O r o M i n e and Mill site suggest that a s i g n i f i c a n t amount of metalcontaminated mine water has been u p w e l l i n g into the French G u l c h val l ey f r o mthe B u l l h i d e and 11-10 f a u l t s and the ir associated f a u l t block. The direc t ion off l o w and the major fluid entry at the base of the a l luvium in the monitoring we l l si m p l i e s that there has been direct mine water d i s charge into the a l l u v i u m ,p o s s i b l y f rom mine stopes and f a u l t seepage. The results f rom the USGS tracers tudy, f l o w evaluat ion of the Oro M i n e s h a f t , and water q u a l i t y data suggest thatthe u p p e r por t i on s of the Oro Mine pool were not the main source of metalcontaminated water observed at the #3 M i n e or in downgradient seeps andmonitor ing we l l s . T h i s s tudy has inferred that the source of metal contaminatedwater, i n c l u d i n g the ground-water contamination associated with the mill t a i l i n g s ,could be f r om below the 2n d Oro drift level . The f l o w pathway for mine water toF r e n c h G u l c h is p r o b a b l y the mine s topes , f a u l t s , f rac ture s in the shale bedrock,
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and the s h a l l o w a l l u v i a l aqu i f e r . T h e r e is the p o s s i b i l i t y of numerous areas in themine where f l o w has been c u t o f f (i.e. the u p p e r Oro m i n e s h a f t ) .
C o n s i d e r a b l e chemical changes occur in the mine waters d u r i n g the s a m p l i n gprocess. Any conclus ions based on laboratory chemical a n a l y s i s or "benchscale" t e s t ing of s a m p l e s c o l l e c t ed f r o m the #3 M i n e , Oro M i n e s h a f t , ordowngrad i en t mine seeps have to be suspect because the s a m p l e s may notrepresent in-situ c ond i t i on s . Cons equen t ly , these s a m p l e s may not berepresentat ive of the mine water in an ex-situ or in-situ treatment scenario. F l o wpathways for mine waters and po t en t ia l c o m p l e x chemical processes in the minepool are not ful ly unders tood. It a p p e a r s that the mine waters are r e l a t i v e l yyoung in age. The t r i t i u m data brackets the age of the mine water to be less than25 years. I s o t o p e and chemical data i m p l y that the resonance time of the snowmelt waters to reach the mine pool and s o lu t e t ran spor t out of the mine isp o s s i b l y less than a year. T h i s would sugges t sub s tant ia l annual f l o w in the minep o o l . S i g n i f i c a n t horizontal f l o w of 150 f e e t per day was measured at the 5 t h Orodrift level and u p f l o w was measured below the 5 t h level of nearly 5 f e e t per day inthe J u n e 1998 s tudy. T h e r e is p r o b a b l y some retardation of s o lu t e s in the minepool and a l o n g the ground-water pathways out of the mine poo l . A sub s tant ia lp o r t i o n of mine water f l o w may be b y p a s s i n g the Oro M i n e s h a f t and d i s c h a r g i n ginto the downgradi ent a l l u v i u m by way of f a u l t s , the f rac tured bedrock, and othermine workings (Figure 7-31).
The conc lus ions f r o m the mine pool characterization s t ud i e s are:

• direct i n f i l t r a t i o n or perco la t ion of local snowmelt above the mineworkings is not r e s p o n s i b l e for the s p r i n g recharge of the mine• regional bedrock ground-water pressure response f rom the h i g he l evat ion snowmelt drives the s p r i n g recharge of the mine• mine water d i s charge is occurring between the B u l l h i d e and 11-10f a u l t s• the f a u l t s are major condui t s for mine water• frac tur e s in the bedrock can also t ranspor t mine water• the mine pool waters are young in age• the mine poo l is p r e d o m i n a n t l y in a reducing environment• more ox id iz ing conditions and acid generation are occurring at the topof the mine pool whi l e major f l o w is associated with the d e ep er l e v e l s
• more ox ida t i on may be occurring at the 186 f e e t drift level d u r i n gs p r i n g h i g h f l o w ( 2 n d Oro l e v e l ) , thi s maybe an area of s i g n i f i c a n t ARDgeneration• temperature data suggests that horizontal f l o w is occurring betweenthe 2n d and 5 t h Oro drift l evel s• s i g n i f i c a n t horizontal f l o w at the 5 t h Oro level• horizontal f l o w measurements wi th in the Oro M i n e s h a f t may not berepresentative o f f l o w out s ide the s h a f t
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s i g n i f i c a n t mine f l o w may be b y p a s s i n g the Oro M i n e s h a f ts i g n i f i c a n t vertical u p f l o w in the Oro M i n e s h a f t occurs below the 5 t h

Oro level
mine water q u a l i t y data may not be representative of in-situ condi t i on sin the mine poolthe u p p e r port ion of the Oro Mine s h a f t (above the 2nd Oro Leve l) hasl i m i t e d h y d r a u l i c connection to the mine d i s charge areas
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8.0 S u r f a c e Waste Character izat ion
8.1 Abstract
During 1996 and 1997, the U.S. Bureau of Reclamation and URS OperatingServices Inc. performed investigations on the geology, mineralogy, and materialsand metals testing of the waste spoils exposed at the surface in the vicinity of theWellington-Oro Mine and Mill site. These studies were contracted by the U.S.Environmental Protection Agency Emergency Response Branch. Thecharacterization included volumetric analysis of the spoil piles and particle sizedistributions, field X-ray fluorescence, X-ray diffraction, Total CharacteristicLeaching Procedure, and laboratory measured total metals for the roaster fines,mill tailings, and waste rock. The results suggested that the roaster fines containthe highest metal concentrations while the waste rock at the Extentuate site hasthe lowest metal concentrations. Ground-water quality and saturated pasteextract results suggested that the roaster fines have the highest metal leachingpotential, orders of magnitude greater than the mill tailings and waste rock.
An U.S. Environmental Protection Agency Headwater Mining Waste InitiativeProgram grant funded a study to evaluate surface waste remediation alternativesat the Wellington-Oro site. This study included estimates of potential metalloading to French Creek from the Wellington-Oro mine pool, the Country Boymine pool, and from the roaster fines, mill tailings and waste rock at theWellington-Oro site. Based on the estimated metal loading, it can be inferredthat the Wellington-Oro mine pool has been contributing over 90% of the metalsto French Creek. The combined estimated metal loading potential from thevarious sources at the Wellington-Oro site were significantly greater than theobserved metal loading in French Creek downstream from the mine site. It hasbeen suggested that the difference in metal loading from various sources and theobserved loading in French Creek were due to:

1. attenuation of the contaminants by geochemical processes along thetransport pathways to French Creek,2. substantial metal transport associated with ground-water flow in thealluvium and placer dredge piles, and3. transient storage in the stream gravels downgradient from the minesite.
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8.2 I n t r o d u c t i o n
T h e r e were f o u r inve s t iga t ions conducted in the v i c i n i t y of the W e l l i n g t o n - O r o (W-O) Mine and Mill complex during 1996 and 1997 that addressed sur fa c e minewastes. T h e s e i n v e s t i g a t i o n s i n c l u d e d two s tud i e s on the g e o l o g y , m i n e r a l o g y ,and materials and metals t e s t ing of the mine waste, roaster f i n e s , and m i l l t a i l i n g s(U.S. Bureau of Rec lamat ion, 1997a and URS Opera t ing Services Inc., 1997).The U.S. Bureau of Reclamation (BOR) also p e r f o r m e d a cost s tudy for varioussur fa c e waste c l e a n u p op t i on s (BOR, 1997b). The BOR and URS Opera t ingServices (UOS) s tudi e s were contracted by the U.S. Environmental Protect ionAgency (EPA) Emergency Response Branch. The f o u r t h s tudy was f u n d e d byan EPA Rocky M o u n t a i n Headwat e r M i n i n g Waste I n i t i a t i v e program grant to theNorthwes t Colorado Council of Governments (Richard, 1997). T h i s s tudyevaluated the propo s ed sur fac e waste remediat ion al t ernat ive s f r om the BORcost s tudy based on criteria approved by the F r e n c h G u l c h Remedia t ionO p p o r t u n i t i e s G r o u p (FROG). The criteria i n c l u d e d ; the degree o f reduct ion inmetal l o a d i n g in F r e n c h Creek and the Blue River, i m p a c t s to historical m i n i n gstructures and f eature s , non-water related exposure risks, and coste f f e c t i v e n e s s . T h i s review of the above mentioned sur face wastecharacterization investigations only involved surface and ground waterh y d r o g e o l o g i c i m p l i c a t i o n s on metal l o a d i n g . Pleas e re f er to the i n d i v i d u a lreports for other aspec t s of these s tudies .
8.3 S u m m a r y of S u r f a c e Waste Character izat ion S t u d i e s

8.3.1 I n t r o d u c t i o n
The sur face s p o i l s of concern in the characterization s tud i e s were the roasterf i n e s , mill t a i l i n g s and waste rock p i l e s in the v i c in i ty of the W-O site (Figure 8-1)and mine waste rock at the X.10.U.8 ( E x t e n u a t e ) por ta l (Figure 8-2). The U n i o nmill t a i l i n g s west of the W-O site were also characterized, but are believed to bea minor source of metal l o a d i n g to French Creek and the Blue River. TheExtenuate area is a p p r o x i m a t e l y one quarter of a mi l e east of the W-O site. TheBOR d r i l l e d ground-water-monitoring wel l s in the north and south mi l l t a i l i n g sarea and the roaster f i n e s in 1996 (BOR, 1997a). The BOR and UOS s tud i e salso c o l l e c t ed sur face and soil boring s a m p l e s f r o m the s p o i l p i l e s (BOR, 1997aand UOS, 1997). M a t e r i a l s volumes were estimated by the BOR to be 43,000cubic yards of roaster f i n e s , 13,000 cubic yards of north mill t a i l i n g s and 42,000cubic yards of south mi l l t a i l i n g s (BOR, 1997b). The volume of waste rock isunknown. The fall of 1998 roaster f i n e s characterization s t u d y by A d r i a n BrownConsu l tan t s , Inc. and clean-up work on the roaster f i n e s suggested that theor ig ina l BOR volume estimates were too h igh . A p p r o x i m a t e l y 6,000 cubic yardsof roaster f i n e s were removed d u r i n g sur face c l ean-up (L.F. Brown, 1998). Anunknown quant i ty of roaster f i n e s may be buried under the waste rock at the W-Osite. The total metal s content, p a r t i c l e size, m i n e r a l o g y and degree of saturat ion
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vary wi th in the d i f f e r e n t s ur fac e s p o i l s . T h e s e f a c t or s a f f e c t th e sur face s p o i l smetal l e a c h i n g p o t e n t i a l (BOR, 1997b).

8.3.2 A n a l y s i s o f S u r f a c e S p o i l M a t e r i a l s
The ana ly s i s o f s p o i l mater ial s i n c l u d e d p a r t i c l e size d i s t r i b u t i o n s , f i e l d X-rayf l u o r e s c e n c e ( X R F ) , laboratory measured total me ta l s , X-ray d i f f r a c t i o n ( X R D ) ,and T o t a l Charac t e r i s t i c Leach ing Procedure (TCLP). S a t u r a t e d pas te extractre su l t s for the d i f f e r e n t s p o i l mater ia l s were also a v a i l a b l e f r o m the S t a t e o fC o l o r a d o Div i s i on o f M i n e r a l s a n d G e o l o g y ( D M G , 1994). M i l l t a i l i n g s , roasterf i n e s , and waste rock ail had elevated l eve l s of Pb, Zn, and other metal scompared to background sample s . In general , to ta l Fe concentrations werehighe s t in the roaster f i n e s and mill t a i l i n g s , up to 20 percent. Total Pbconcentrations were highes t in the waste rock and mill t a i l i n g s , up to 2 percent.Zn concentrat ions for the s p o i l material s ranged f r o m one to several thousandpar t s per m i l l i o n (ppm). One roaster f i n e s s a m p l e had up to 2% total Zn. Cdconcentrations ranged f rom a few ppm to over 1,000 ppm for a roaster f i n e ssample . Mn concentrations for the spo i l materials ranged from less than 1,000ppm to t h ou sand s of ppm. The average metal s concentrations were highe s t inthe roaster f ine s . Cd, Fe, and Zn concentrations in the roaster f i n e s werea p p r o x i m a t e l y twice th e average mi l l t a i l i n g concentrations (Figure 8-3). The Cd,Fe, and Zn roaster f i n e s concentrations were nearly f o u r t imes the concentrationsobserved in the W e l l i n g t o n M i n e waste material . The Extenuate mine wastematerial had the lowest Cd, Fe, Mn, and Zn average metal concentrations(Figure 8-3). The h ighe s t metal concentrations wi th in the roaster f i n e s and mil lt a i l i n g s p i l e s a p p e a r e d to be i m m e d i a t e l y above the ground-water t a b l e ( F i g u r e s8-4 and 8-5).
The processed material (roaster f i n e s and mil l t a i l i n g s ) had s m a l l e r grain sizesand better sor t ing than the mine waste material. Most of the roaster f i n e s andmill t a i l i n g s s a m p l e s were c l a s s i f i e d as s i l t y sands (BOR, 1997a). There wassome gravel material described in the roaster f i n e s and mill t a i l i n g s , a l t h o u g h thegravels may be related to the a l l u v i a l v a l l e y and p l a c e r material . The mediangrain size for the roaster f i n e s and mill t a i l i n g s varied f rom less than 0.075 to 0.33m i l l i m e t e r s (mm). The waste rock f rom the W e l l i n g t o n and Extenuate areas wasvery p o o r l y sorted in grain sizes. The grain c l a s s i f i c a t i o n of these mater ial s wasm o s t l y clayey gravels with abundant s i l t and sand. G r a i n sizes ranged f rom0.037 to 16.719 mm.
The m i l l t a i l i n g s and roasters f in e s were processed by-products of the W-O m i l l .T h i s proce s s ing i n c l u d e d g r i n d i n g the ore material to f i n e grain sizes. Theroaster f i n e s were sub j e c t ed to heat under o x i d i z i n g c ond i t i on s to decrease thes u l f u r content for easier s m e l t i n g . The roasting process should produce rawmetal s , metal ox ide s , and s u l f a t e mineral a s s emblage s (UOS, 1997). The XRDdata sugges t s that the roaster f i n e s and mill t a i l i n g s contain Fe, Pb and Zns u l f a t e minera l s ( j a r o s i t e , a n g e l s i t e , and Z n S O 4 ) , metal oxides ( h e m a t i t e ) , and
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metal hydroxides (goethi te). A l t h o u g h , s u l f u r f orms analysis conducted for theBOR by Barringer Laboratories ( 1 9 9 6 ) indicated that most of the s u l f u r in theroaster f i n e s was in the s u l f i d e f o rm (i.e. p y r i t e ) , which i m p l i e s that the roas t ingprocess was not complete. The waste rock a p p a r e n t l y also has Fe, Pb and Zn ins u l f i d e mineral a s s emblage s ( p y r i t e , ga l ena and s p h a l e r i t e ) . The XRD re su l t sshowed that the waste rock and mill t a i l i n g s had s i g n i f i c a n t amounts of i l l i t e / m i c aand kaol ini t e clays.
TCLP is an aggres s ive l ea ch ing test that uses acid. Because of the aggress ivenature of thi s test, l eaching results are p r o b a b l y higher than one would expectunder site c ondi t i on s (UOS, 1997). The TCLP i n d i c a t e d that Zn was morel e a c h a b l e in the processed material than in the waste rock. T h i s may be due toZn being in the s u l f a t e f o r m (UOS, 1997). Leachable Zn for the spo i l material sranged f r o m 1,560 mg/L to 9.25 mg/L. Pb appear s to be more l ea chab l e in thewaste rock compared to the roaster f i n e s and mill t a i l i n g s . T h i s may be due tothe lead s u l f a t e f o r m s ( j a r o s i t e and a n g e l s i t e ) in the processed material beingless s o l u b l e than the s u l f i d e f o r m s associated with the waste rock (UOS, 1997).The l ev e l s of Pb in the TCLP leachate ranged f rom 53.2 mg/L to 4.08 mg/L.Except for a shal e waste rock s a m p l e , all s a m p l e s exceeded the TCLP standardfor Pb (UOS, 1997). The TCLP results d id not indicat e s i g n i f i c a n t overall metall e a c h i n g p o t e n t i a l d i f f e r e n c e s or trends between the roaster f i n e s , mil l t a i l i n g s orwaste rock (Table 8-1).
The saturated pas t e extract method uses a less aggressive l e a c h i n g procedurethan TCLP. T h i s method is based on a 24-hour leach test using water.Satura t ed paste extract result s also showed the s p o i l material s to be h i g h l yl eachable with Pb level s as h igh as 0.72 mg/L, Zn as h igh as 235 mg/L, and Cdas h i g h as 9.73 mg/L ( T a b l e 8-2). In contrast to the TCLP result s , the pasteextract result s for the roaster f i n e s showed Fe, Pb, Zn, and Cd leachate l eve l s tobe orders of magnitude greater than the m i l l t a i l i n g s and waste rock.

The observed ground-water metal concentrations were highest in the saturatedpor t i on of the roaster f i n e s , by orders of m a g n i t u d e compared to the mill t a i l i n g s(Figure 8-6). T h e r e were no ground-water w e l l s in the waste rock to determineits associated ground-water quality. A seep during high f l o w condit ions wass a m p l e d at the base of the main waste p i l e (WP-1) near the roaster f i n e s in1 9 9 6 ( E P A , 1996a). The Zn and Cd concentrations of th i s seep were very s i m i l a rto the roaster f i n e s ground-water ( F i g u r e 8-6). The Pb and Mn concentrations ofthe seep were s i g n i f i c a n t l y h igher whi l e Fe concentrations were lower than theroaster f i n e s ground-water. The TCLP results indicated that Pb might be moreleachabl e in the waste rock, which may e x p l a i n the higher Pb concentrations.The s i m i l a r i t y in overall water q u a l i t y , e s p e c i a l l y Cd and Zn concentrations,suggest that th i s seep may be a mixture of roaster f i n e s and waste rock leachate.The saturated paste extract results suggested that the roaster f i n e s metall ea chab l e p o t e n t i a l s are orders of m a g n i t u d e greater than the waste rock (Table
164American G e o l o g i c a l Services , Inc.
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T a b l e 8-1
S u r f a c e S p o i l sT o t a l M e t a l s and TCLP Results f o r C a d m i u m , Lead , and Z i n cf rom BOR (1997a) and UOS ( 1 9 9 7 )

S a m p l e | Descr ip t ionconcentration
WOWR01
WOOPO6

WOOP06

WOOP10A
WODD03

W O W T L 0 2
W O W T L 0 4

W O W W R 0 1

W O W W R 0 3

RoasterF i n e sgray wastewest roasterf i n e sgreen wastenortheastpor t i onroaster f i n e sM i f l T a i l i n g sM i l l T a i l i n g sWaste RockWaste Rocksand wastein WasteRockshale inWaste Rock
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70.6
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""7.41"""
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0.48
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0.29

LeadT o t a l( p p m )
30500.0
72700.0

24100.0

25000.0
3360.0
7230.0
10900.0
10600.0

2930.0

T C L P( m g / L )
11.40
43.30

25.60

21.30
29.50
32.10
42.7
53.2

4.08

ZincT o t a l( p p m )
2070.0

304000.0

iTeo.b"

5520.0
12500.0
14700.0
17600.0
34300.0

14300.0

T C L P( m g / L )
16.60
1,560

9.25

45.10
128.00
59.20
83.90
145.00

26.70
TCLP Maximum Regula tory Level s: Cd (1.0 mg/L); Pb (5.0 mg/L); and Zn (no l imi t)

8-2). A c c o r d i n g l y , the major contributor to this contaminated seep water appearsto be leachate f r o m the roaster f i n e s .
The total metal concentrations and TCLP resul t s did not d i s p l a y the orders ofm a g n i t u d e d i f f e r e n c e s between the roaster f i n e s and mill t a i l i n g s as observed intheir associated ground-water quali ty. As previous ly mentioned, the saturatedpaste extracts did d i s p l a y the orders of m a g n i t u d e d i f f e r e n c e in leachate metalconcentrations between the roaster f i n e s and the other s p o i l s . A p o s s i b l ee x p l a n a t i o n for the d i f f e r e n c e s in ground-water q u a l i t y i s that the roaster f i n e shave greater l e a c h a b l e metals due to its acid generation p o t e n t i a l , greaterl ea chab l e s u l f u r f o r m s , mineralogy, and phys i ca l characteristics. The l i m i t e ds a m p l i n g and ana ly s i s associated with the BOR and UOS sur face waste s tud i e swere not able to characterize the d i f f e r e n c e s between the roaster f i n e s and millt a i l i n g s . Whereas the saturated pas te extract r e su l t s did suggest a greaterl eaching po t en t ia l associated with the roaster f ine s .
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T a b l e 8-2

S u r f a c e S p o i l sSaturated Paste Extract Resultsfor C a d m i u m , Lead, Mangane s e , Iron andf r o m D M G ( 1 9 9 4 ) Zinc
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A p o s s i b l e c on tr ibu t ing f a c t o r for the h igher roaster f i n e s ground-water metalcontamination compared to the m i l l t a i l i n g s is annual water table f l u c t u a t i o n s(Table 8-3). The water t a b l e variation between low f l o w and h i g h f l o w c ond i t i on sfor the roaster f i n e s ranged f rom a p p r o x i m a t e l y 4.5 f e e t to over 6 f e e t . It isp o s s i b l e that the roaster f i n e s near the 11-10 Fault had annual water f l u c t u a t i o n sas h i g h as 20 f e e t . Water level moni tor ing suggested that the ground-water tab l ein the roaster f i n e s area may have been perched above the original grounds ur fa c e and the a l l u v i a l material (see section 6 of th i s report for f u r t h e rdiscuss ion). In contrast, ground-water monitoring wel l s in the vicinity of the southmill t a i l i n g s showed yearly f l u c t u a t i o n s f r o m less than 2 f e e t to a p p r o x i m a t e l y 4.5f e e t . The recent BOR north mill t a i l i n g ground-water w e l l s were dry d u r i n g bothlow and h i g h f l o w condi t ions . The larger water level f l u c t u a t i o n s in the roasterf i n e s may result in greater ox ida t i on and acid generation. The acid generationwas evident by field measured pH that ranged f r o m 2.2 to 4.12 standard units(s.u.) in the roaster f i n e s ground-water. In contrast, the recent BOR south millt a i l i n g s ground-water monitoring well (WTL02) had f i e l d measured pH thatranged f r o m 6.44 to 6.59 s.u.. The much higher metal concentrations in theTCLP leachate compared to the paste extract re sul t s was an example of howmuch a d d i t i o n a l l ea ch ing po t en t ia l resul t s f r o m ac idic waters ( T a b l e s 8-1 and 8-
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T a b l e 8-3

Water Level F l u c t u a t i o n s f o r Roaster F i n e s a n d S o u t h M i l l T a i l i n g s Areas
Monitoring^:;8sw^i£;S«:

M W - 1 3

S B R F - 3

WRO-1

W T L - 0 2

MW-3

l;ll^f^^-:^^li^^^^^l^^^;i:il H Water . ' r . . . - . ;l i i e v a t i c i n t f t ) . • . - • ; ; • . - : ; ; Annual O R E ; , - V, ; : S l = ! u t J M a l Q i M ) ; : f * ;S h a l e Bedrock & 11-10 Faul t M o n i t o r i n g Well in Roaster F i n e sH i g h F l o w 5 / 9 7
Low F l o w 3/97

Roaster F i n e s S
H i g h F l o w 5 / 9 7
Low F l o w 3.97Roaster F i n e s MorH i g h F l o w 5 / 9 7Low F l o w 3/97S o u t h M i l f f a i l i n g s M
H i g h F l o w 5 / 9 7
Low F l o w 3/97Alluv ia l M o n i t o r i n g Wel l in
H i g h F l o w 5 / 9 7
Low F l o w 3/97
H i g h F l o w 6 / 9 6
Low F l o w 3/96

9889.58
9870.73oil Boring
9881.62
9877.06i t or ing W e l l
9883.03r <9877.22on i t or ing W e l l
9857.95
9853.65

S o u t h M i l l T a i l i n c
9847.26
9845.46
9847.46r 9845.27

18.85

4.56

>5.81

4.3
3S

1.8
2.19

2). Another c on t r i bu t ing fa c t o r for lower metal concentrations in the mil l t a i l i n g sground-water are clays that may be scavenging meta l s , p o s s i b l y by a d s o r p t i o nand other geochemical processes.
8.3 .3 Meta l L o a d i n g from S u r f a c e S p o i l s

The Richard ( 1 9 9 7 ) s tudy modeled po t en t ia l metal l o a d i n g f r o m the W-O minepool and sur face wastes. The sur face waste evaluat ion i n c l u d e d l o a d i n gassociated with ground-water f l o w and sur face r u n o f f . The sur face l o a d i n g wasbased on the a s s u m p t i o n that most metals were t ran spor t ed to F r e n c h Creek asmetals adsorbed to sediment p a r t i c l e s . T h u s , the s ur fa c e r u n o f f metal l o a d i n gestimates were based on sediment y i e ld or soil loss a p p r o x i m a t i o n s u s ing theUniversal S o i l Loss Equation (USLE). The USLE method incorporates c l imatic ,soil characteris t ic ( p h y s i c a l and ch emica l) , vegetat ion, and t o p o g r a p h i c data.Soil and t o p o g r a p h i c characteristics of the surface wastes were in f erred f r o mBOR ( 1 9 9 7 a ) data. M e t a l l o a d i n g es t imates were determined by m u l t i p l y i n gsediment yi e ld a p p r o x i m a t i o n s by the average content of m e t a l s in the sur fa c ewaste. The metal content data were also derived f rom the BOR ( 1 9 9 7 a ) study.The re sul t s of metal l o a d i n g associated with sur fac e r u n o f f have beensummarized in T a b l e 8-4. Metal l o a d i n g f r om r u n o f f associated with the minewaste was not p o s s i b l e us ing the USLE method because of its median gravelgrain size. The USLE method is only a p p l i c a b l e up to a median sand size.
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T a b l e 8-4
Pot en t ia l Meta l L o a d i n g f r om S u r f a c e R u n o f f based on Soi l Loss E s t i m a t i o n s(Richard , 1997)S u r f a c eS p o i l

Roaster F i n e s
M i l l f a i l i n g s

Cd( k g / y r )
3-8i

F e( k g / y r )
676-1,777----̂ 459-- -

Mn( k g / y r )
13-35

62

Zn( k g / y r )
648-1,703

115 """

E s t i m a t i n g sur face r u n o f f metal l o a d i n g f r o m the d i s s o lv ed phase was notp o s s i b l e because of the lack of water q u a l i t y data of r u n o f f d u r i n g storm events.TCLP or saturated paste extracts results were not used in the Richard (1997)s tudy to estimate metal l o a d i n g associated with the d i s s o lv ed phase of s ur fa c er u n o f f . A rough estimate by AGS of metal l o a d i n g associated with the d i s s o lvedphase in the sur fa c e r u n o f f was made based on the saturated paste extractresult s and the D i l l o n weather station c l i m a t i c data. T h i s analys i s sugges ted as i m i l a r m a g n i t u d e o f metal l o a d i n g f r o m the d i s s o lv ed phase versus the USLEc a l c u l a t i o n .
Metal l o a d i n g e s t imates associated with the mine pool and sur face waste p i l e sground-water f l o w were ca l cu la t ed by m u l t i p l y i n g the metal content of theassociated ground or mine water by estimated discharge rates (Richard, 1997).The metal content data of the ground-water associated with the roaster f i n e s ,south mill t a i l i n g s , and the mine pool water were based on numerous waterq u a l i t y s t ud i e s (CDPHE, 1989;. E P A , 1992, 1993a, 1993b, 1994, 1996a and1996b; NAWQA, 1997a; and RAS, 1996a, 1996b, 1997a and 1997b). The metalcontent of the ground-water associated with the mine waste was inf erred f r o mthe water q u a l i t y of a seep at the base of the main waste p i l e (WP-1). Asprevious ly di scus sed, it is po s s i b l e that the major contributor to thi s seep wasleachate f r o m the roaster f i n e s . C o n s e q u e n t l y , the ground-water metal l o a d i n ganalys i s of the mine waste rock is suspect.
The ground-water d i s charge rates for the surface s p o i l s were derived f r o mestimates of fluid h y d r a u l i c c onduc t iv i ty , cross sectional area, and h y d r a u l i cgrad i en t s o f th e i n d i v i d u a l surface waste p i l e s using Darcy' s ground-water f l o wequation (Darcy, 1856). The f lu id h y d r a u l i c conduc t iv i ty f or th e i n d i v i d u a l wastep i l e s were made by Tom Brown (BOR) based on grain size d i s t r i b u t i o n f r o m theBOR ( 1 9 9 7 a ) s tudy. The BOR ( 1 9 9 7 b ) p e r f o r m e d volume estimates for thewaste p i l e s based on data the BOR and DMG co l l e c t ed . The Richard ( 1 9 9 7 )s tudy determined cross sectional areas of the i n d i v i d u a l waste p i l e s f r o m BOR( 1 9 9 7 b ) cross sectional p r o f i l e s of the waste p i l e s , DMG and BOR sur facem a p p i n g (BOR, 1997a), and AGS s u p p l i e d estimated average saturatedth i ckne s s based on historic water l eve l s f r o m nearby moni t or ing we l l s . AGS also
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T a b l e 8-5
P o t e n t i a l M e t a l L o a d i n g f r om S u r f a c e S p o i l s Ground-water Discharge( R i c h a r d , 1997)S u r f a c eS p o i l

M i n e Waste*
Roaster F i n e s

M i l l T a i l i n g s

Cd( k g / y r )
71

........„„„........,
-.----.....-......,

F e( k g / y r )
2,629

""""BJ52 ' '
.......................

Mn( k g / y r )
4,007
554.5

i.i

Zn( k g / y r )
11,104
6,889
3.75

re su l t s suspect due to unknown source of seep used for mine waste ground-water q u a l i t y

provided estimates of the h y d r a u l i c gradi en t s f r om the historic water l eve l s ofmoni t or ing we l l s . T a b l e 8-5 summarizes the metal l o a d i n g associated withground-water d i s charge f o r surface s p o i l s . T h e or ig ina l s p o i l p i l e volumesa p p l i e d in the Richard ( 1 9 9 7 ) s tudy, s p e c i f i c a l l y the roaster f i n e s , may have beentoo h i g h (L.F. Brown, 1998). Consequent ly , the roaster f i n e s r e su l t s presented inT a b l e 8-5 may also be several orders of m a g n i t u d e too h igh.
8.3.4 W e l l i n g t o n - O r o Mine Discharge M o d e l

The W-O mine pool d i s charge rates were o r i g i n a l l y ca l cu la t ed by e x t r a p o l a t i n gobserved mine water d i s charge rates associated with the 11-10 and B u l l h i d ef a u l t s and q u a n t i f y i n g mine di s charge f r o m observed head d i f f e r e n c e s in thea l l u v i u m in the v i c in i ty of the #3 M i n e Shaft and the B u l l h i d e Fault . Faults eepage was q u a n t i f i e d f r o m data presented in the stream tracer and boreholef l o w m e t e r s tudie s ( K i m b a l l and others, 1997 and R A S , 1997a). Based on th i sa n a l y s i s , AGS s u p p l i e d the Richard ( 1 9 9 7 ) s tudy with mine d i s c h a r g e rates of 1.5c f s (670 g p m ) for l ow f l o w condi t ions and 3 .5 c f s (1570 g p m ) for h i g h f l o wcondi t i ons .
S i n c e the or ig ina l mine di s charge es t imates, AGS m o d i f i e d the method bygenerat ing a range of p o s s i b l e mine di s charge. A p p e n d i x 8-5 summarizes thec a l c u l a t i o n s and a s sumpt i on s for the m o d i f i e d mine d i s c h a r g e model based onobserved ground-water f l o w rates and d i s charge areas in the v i c i n i t y of the W-Omine site. T h i s ana ly s i s resulted in a low f l o w range of mine d i s charge of 0.94cfs (420 g p m ) to 1.5 cfs (655 g p m ) and a h i g h f l o w range f rom 1.8 cfs (800 g p m )to 3.2 cfs (1,440 g p m ) .
The or ig ina l and m o d i f i e d mine d i s charge model based on e x t r a p o l a t i n gobserved f a u l t and ground-water f l o w rates contains numerous a s sumpt i on s andmay not be representative of average pr e c ip i t a t i on years. F l o w measurements
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were conducted d u r i n g two consecutive above average snow seasons (1995-1996 and 1996-1997), p o s s i b l y as much as 150% to 200% above average. Thes p r i n g mine f l o w surge d u r i n g these seasons had associated water level rises ofa p p r o x i m a t e l y 14 fee t and 20 f e e t , respectively. Ground-water monitoring we l l sin the v i c in i ty of the #3 Mine site went artesian d u r i n g the s p r i n g f l o w surge in1996 and 1997. In contrast, the 1997-1998 snow season was nearly 90% ofnormal (Brooks, 1998) and the c orr e spond ing mine pool water level rise was o n l y4 f e e t . N o n e of the moni t or ing we l l s f l o w e d to the surface in the s p r i n g of 1998.
Ground-water b a s e f l o w and spr ing h i g h f l o w c o n d i t i o n s may have beens i g n i f i c a n t l y in f lu enc ed by the above average snow years. The July 1997 streamsalt tracer s t u d y observed mine water d i s charge via f a u l t s as they crossedF r e n c h Creek (Kimball and others, 1997). AGS a p p l i e d th i s observation in themine d i s charg e m o d e l s to e x t r a p o l a t e h igh f l o w mine d i s charge areas ( A p p e n d i x8-5). The d i s charge areas and ground-water f l o w rates used in the minedi s charge f l o w mode l s may not be typ i ca l for normal snow years. As a re su l t , theo r i g i n a l and m o d i f i e d est imates of mine d i s charge rates might only representconditions for s i g n i f i c a n t l y above normal snow seasons.
AGS has produced s u l f a t e chemical mass balance f l o w mode l s to i n d e p e n d e n t l yderive mine d i s charge rates. It is believed that s u l f a t e is the most conservativechemical cons t i tuent in the geochemical system and may better representaverage seasonal f l u c t u a t i o n s of mine discharge. The mass balance a p p r o a c h isbased on m o d e l i n g the sur face and ground-water s u l f a t e f l u x at stream stat ionFG-9 (USGS gage before French Creek enters the Blue River), e s t imating s u l f a t esources, and back c a l c u l a t i n g associated s u l f a t e p r o d u c t i o n and d i s charge f r o mthe W-O underground mine complex.
A series of spreadshee t mode l s were d e v e l o p e d that incorporated a range ofground-water d i s charge rates, streambed transient f l o w , stream f l o w and s u l f a t econcentration data ( A p p e n d i x 8-6). In the stream salt tracer s tudy discussed insection 4 of this report transient f l o w was shown to be as high as 30% ofmeasured stream f l o w (Kimball e t . a l . , 1997). S u r f a c e water q u a l i t y and f l o w datawas r e a d i l y a v a i l a b l e f r om CDPHE (1989), the EPA (1992, 1993a, 1993b, 1994,1996a, and 1996b), the USGS NAWQA (1997a), and the USGS gage s ta t ion(1996 and 1997) at the F G - 9 stream site. Ground-water f l o w and associated f l u xat F G - 9 had to be modeled.
The ground-water s u l f a t e concentration was assumed to be s imi lar to the surfacewater concentration because s tudie s indicated that stream f l o w is dominated byground-water. The ground-water d i s charge rates had to be estimated based onD a r c y ' s f l o w equation. T h e variables f o r th i s equation a r e h y d r a u l i c gradient ( I ) ,d i s charge area (A), and the h y d r a u l i c conduc t iv i ty (K). The area and h y d r a u l i cgradient can be derived f r o m observations of ground-water leve l s and knownd imens i on s o f the a l l u v i a l va l l ey . The horizontal h y d r a u l i c c onduc t iv i ty for thea l l u v i a l va l l ey material has been calculated f rom p u m p i n g tests (Morris sey, 1995)
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and a l l u v i a l ground-water f l o w measurements. The h y d r a u l i c c o n d u c t i v i t yderived f rom p u m p i n g tests ranged f r o m 0.002 cm/sec to 0.029 cm/sec with anaverage of 0.011 cm/sec. The low c o n d u c t i v i t y value of 0.002 cm/sec wasc a l c u l a t e d f rom drawdown data associated with the p u m p i n g well w h i l e theh i g h e r values were f rom observation well data. Morri s s ey ( 1 9 9 5 ) stated that theobservation well data with the h igher h y d r a u l i c c onduc t iv i ty values were p r o b a b l ymore repre sentat ive of the a l l u v i a l material . The observation w e l l s were locatedin undisturbed a l l u v i a l material in the vicinity of the #3 Mine ( F i g u r e 8-7).
In J u n e 1998, a c o l l o i d a l borescope was used to measure ground-waterhorizontal f l o w in the a l l u v i a l moni tor ing well MW-3. This wel l i s located in thep l a c e r d r e d g e t a i l i n g s area (Figure 8-7). T h i s t e chnique measured a p r e f e r e n t i a lh i g h f l o w zone of 460 f e e t / d a y . T h i s s e epage ve l o c i ty would correspond to ah y d r a u l i c conduct iv i ty of 0.162 cm/day. A c c o r d i n g to the d e v e l o p e r s of thec o l l o i d a l borescope, a correction f a c t o r of as h i g h as f o u r for h i g h l yheterogeneous a q u i f e r s should be used to de t ermine average seepageveloc i t i e s . U s i n g a correction f a c t o r of f o u r to reduce ground-water ve loc i ty to an

T a b l e 8-6
French G u l c h A l l u v i a l H y d r a u l i c C o n d u c t i v i t i e s a n d Associated Discharge

H y d r a u l i cConduc t iv i ty<K)(cm/se c)
0.002

0.011

6.029

0.041

0.162

H y d r a u l i cConduc t i v i ty( K )( f t / s e c )
0.000076

0.00036

0.00095

0.0013

0.0053

H y d r a u l i cGradient 1

•:-\;n<i): :
0.03

0.03

6.03

6.03

6.03

DischargeArea^
<A>( f t T40,000

40,000

40,666
40,666
40,666

Ground-waterDischarge 3

J Q )( f f V s e c )
0.09

0.43

i.14

i.56

6.36

AssociatedU n c o n s o l i d a t e d
Sediments

S i l t y sands , f i n esands , well-sortedsands , g l a c i a loutwashW e l l - s o r t e d sands,glacial outwash,well-sorted gravelWel l- s or t ed sands ,g l a c i a l outwash,well-sorted gravelW e l l - s o r t e d sands,g lac ia l outwash,well-sorted gravelwell-sorted gravel' Observed gradient between a l l u v i a l ground-water we l l s MW-3 and MW-7 (AGS, 1998a).2 V o l u m e based on an average w i d t h of 1000 fee t and saturated th i ckne s s of 40 f e e t for thea l l u v i a l va l l ey .3 C a l c u l a t i o n based on Darcey's F l o w equation Q = -K A i.4 F e t t e r (1988).
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average s e epage ve loc i ty of 115 f e e t / d a y , the associated average h y d r a u l i cc onduc t iv i ty for the a l l u v i a l v a l l e y material would be 0.041 cm/sec.
T a b l e 8-6 summarizes the l i m i t s of a l l u v i a l ground-water d i s charge that isassociated with the range of calculated hydraul i c conductivity for the a l l u v i a lv a l l e y material. The spreadshee t s u l f a t e f l o w mode l s incorporated a range o fp o t e n t i a l ground-water d i s charge f r o m 0.1 cfs to 6 cfs and transient f l o w f r o m10% to 30% of measured stream f l o w ( A p p e n d i x 8-6). The s u l f a t e mass f l u xmode l s assumed that the W-O mine pool contributed over 90% of the total f l u x toFrench G u l c h , s imi lar to what has been estimated for the mine pool's metalcontr ibu t ion (see section 8.3.5). This a s s u m p t i o n was based on s u l f a t e andmetal f l u x f r o m the W-O mine pool being c o u p l e d . A review of s u l f a t e groundand surface water background concentrations sugges t s that the mine pool s u l f a t ef l u x may not be c oup l ed with metal f l u x e s and is less than 90% of the totalFrench G u l c h product ion.
A probab l e ground-water model was integrated into a most l i k e l y s u l f a t e massf l u x and mine f l o w model ( A p p e n d i x 8-6). The p r o b a b l e ground-water modelused a ground-water d i s charge of 5 cfs and a transient f l o w of 20% of measuredstream f l ow. The higher calculated a l luv ium ground-water discharge was used inthe most l i k e l y model because it is believed that it represents the d i s turbeda l l u v i u m and p la c e r material s that cover most of the v a l l e y f l o o r . The p u m p i n gtests were conducted in the v i c in i ty of the #3 M i n e site in an area ou t s ide thep la c e r d r e d g e t a i l i n g s . The l ow h y d r a u l i c c onduc t i v i ty values f r o m these tes t swere calculated from the p u m p well data that is not representative of the a l l u v i a lmaterial. The h igher ground-water f l o w is also s u p p o r t e d by ground-waterdi s charge observed in the salt tracer s tudy and discussed in section 4 of t h i sreport. Based on the salt tracer observations and ground-water water levelmoni t or ing , ACS suspec t s that ground-water f l o w through th e d r e d g e t a i l i n g smay be higher than 5 cfs. F u r t h e r characterization of ground-water f l o w throughthe a l l u v i u m and p l a c e r t a i l i n g s is needed to r e f in e h y d r a u l i c c onduc t iv i ty andd i s charge associated with these materials. The most l i k e l y s u l f a t e mass f lux andmine f l o w model has a peak mine f l o w in May of 605 gpm and a low f l o w of 143gpm in February. It i s bel ieved that these mine f l o w s p r o b a b l y represent averagesnow years. During consecutive above normal snow years (i.e. 200%), the minef l o w s may be twice as much as the normal years.

8.3.5 Metal Produc t ion f rom the Various Sources
Mine water metal l o a d i n g f rom the W-O pool and the Country Boy pool issummarized in T a b l e 8-7. The Country Boy mine is located across f rom the W-Osite on the south s ide of the F r e n c h G u l c h v a l l e y (Figure 8-7). The l o a d i n gestimates for the Country Boy were based on water q u a l i t y and di s chargemeasurements on a discrete adit d i s charge (EPA, 1996a). T h i s d i s charge isfairly constant year around and is the only known discharge associated with the
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Country Boy M i n e (per s . comm. Doug T o m l i s o n , 1996). The l i m i t e d mine waterdi s charge and metal l o a d i n g for the Country Boy M i n e is p o s s i b l y due to most ofthe workings being above the ground-water tab le . The W-O metal p r o d u c t i o nwas based on the or ig ina l es t imated mine d i s charge rates. Applying the minedischarge rates f r om the s u l f a t e produc t i on model s for normal snow years wouldp r o b a b l y decrease the W-O metal p r o d u c t i o n by at least one-hal f what wasestimated in the Richard (1997) study.
A comparison of Richard ( 1 9 9 7 ) metal l o a d i n g f r o m the various sources withobserved l o a d i n g on F r e n c h Creek above the mine site (FG-5) and below themine site (FG-7, F G - 8 , and F G - 9 ) is summarized in T a b l e 8-8. As pr ev i ou s lydi scus s ed, the W-O metal product ion is based on the original estimated mined i s charge rates and actual p r o d u c t i o n for normal snow years could be at leasth a l f of Richard (1997) estimates. The upstream site F G - 5 was used as a metall o a d i n g background site. The stream site metal p r o d u c t i o n in T a b l e 8-8 o n l yi n c l u d e s s ur fa c e f l o w s . AGS conducted a Zn p r o d u c t i o n model for F G - 9 thatincorporated ground and sur face water p r o d u c t i o n ( A p p e n d i x 8-7). The AGS FG-9 f l u x mode l s ca l cu la t ed p r o d u c t i o n o f 66,700 Ibs Z n / y e a r f r o m sur fa c e f l o w ,43,522 Ibs Z n / y e a r from ground-water and transient f l o w , and a combinedground, transient, and sur face f l o w p r o d u c t i o n o f 110,243 Ibs Zn/year .

T a b l e 8-7
Potent ia l Meta l L o a d i n g f r om U n d e r g r o u n d M i n e Pool s( R i c h a r d , 1997)Mine Pool

W-O
Country Boy

Cd( k g / y r )
1,213
0.8

Fe( k g / y r )
341,003

297

Mn( k g / y r )
96,435

242

Zn( k g / y r )
418,530

815

The metal l o a d i n g associated with the surface s p o i l s inc ludes both ground-waterd i s charge and sur fac e r u n o f f estimates f rom the Richard ( 1 9 9 7 ) study. Thereported l o a d i n g f rom the mine waste is suspect due to unknown source of theseep used for mine waste ground-water qua l i ty . As p r e v i o u s l y d i s cu s s ed , thel o a d i n g associated for ground-water d i s charge in the roaster f i n e s i s h i g hbecause of the overestimation of volume. T h i s overestimation probab ly doub l edthe ca l cu la t ed total metal p r o d u c t i o n associated the roaster f in e s . Account ing forthe overestimation of mine discharge and roaster f i n e s volume, the relativecontr ibut ion of metal f r o m the W-O mine pool remains over 90% compared to thesur face s p o i l s .
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T a b l e 8-8
Compar i s on o f Potential Metal L o a d i n g f r om Various SourceswithObserved Metal L o a d i n g in French Creek( R i c h a r d , 1997)Cd( k g / y r ) F e( k g / y r ) Mn( k g / y r ) Zn( k g / y r )

Underground M i n e Pool s
W-O M i n eCountry BoyM i n e

Roaster F i n e s
M i n e Waste*
M i l l T a i l i n g s

F G - 5
FG-7 + FG-8

F G - 9

1,213
0.8

40
71T i
0.1
80
79

341,003
297

S u r f a c e S p o i l P i l e s11,529
2,629
1,461"F r e n c h Creek
2,014
5,629
2,797

96,435
242

590
4,007..........™.........

217.9
7,219
3,500

418,530
815

8,592
11,104i i9

266
29,561
26,038

resul t s suspect due to unknown source of seep used for mine waste ground-water q u a l i t y

The p o t e n t i a l metal l o a d i n g estimates presented in t h i s report were based on theab so lu t e estimates of l o a d i n g f r om the Richard ( 1 9 9 7 ) s tudy (Table 8-8). Richard( 1 9 9 7 ) also presented metal l o a d i n g estimates that were p r o p o r t i o n e d to theobserved l o a d i n g at the combined FG-7 and FG-8 s a m p l i n g sites. The ab so lu t eestimates for metal product ion i m p l y that the metal l o a d i n g f rom the varioussources at the W-O site is s i g n i f i c a n t l y greater than observed l o a d i n g in thedownstream F r e n c h Creek s a m p l i n g sites. A c c o u n t i n g for ground-water andtransient f l o w associated with F r e n c h Creek, the zinc p r o d u c t i o n f rom the W-Omine a p p e a r s to be attenuated by up to 60%. A comparison of the most l i k e l ymine d i s charg e model f r o m the s u l f a t e mass f l u x method with the mine zincp r o d u c t i o n model sugges t ed that zinc was at tenuated up to 40% d u r i n g low f l o wc ond i t i on s and 60% d u r i n g h igh f l o w condi t i on s ( A p p e n d i x 8-8). T h i s a t t enuat ioncould be due to metal a d s o r p t i o n to s ed iment s , geochemical processes such asox ida t i on in the a l l u v i a l a q u i f e r that resul t s in p r e c i p i t a t i o n of me ta l s , and thepresence of Fe and other metal hydrox id e s that can adsorb metal s .
8.4 Conc lu s i ons
The recent s tud i e s p er f ormed by the U.S. Bureau of Reclamation and URSOpera t ing Service s characterized the roaster f i n e s , mill t a i l i n g s , and waste rockin the v i c in i ty of the W e l l i n g t o n - O r o M i n e and Mill c o m p l e x (BOR 1997a andU O S , 1997). T h e Richard ( 1 9 9 7 ) s t u d y a p p l i e d data f r om these s t u d i e s with
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a d d i t i o n a l i n f o r m a t i o n s u p p l i e d by American G e o l o g i c a l Service s , I n c . t o e s t imatemetal l o a d i n g p o t e n t i a l s f r o m the various sources at the W-O site. Based on theestimated metals l o a d i n g , it can be inferred that the Wel l ing t on-Oro mine poolwas contr ibu t ing over 90% of the metals to F r e n c h Creek. The mill t a i l i n g s andthe Country Boy mine were estimated to contribute less than 1% of metal s toF r e n c h Creek. The remaining source of metal l o a d i n g was f r o m sur face r u n o f fand ground-water d i s charge associated with the roaster f i n e s and waste rock.Due to the lack of data on ground-water q u a l i t y associated with the waste rock,est imated metal l o a d i n g p o t e n t i a l s for the waste rock in the Richard s t udy ( 1 9 9 7 )are suspect. The combined estimated metal po t en t ia l f r o m various sources atthe W-O site were s i g n i f i c a n t l y greater than the metal l o a d i n g observed in FrenchCreek downstream f r o m the mine site. It is bel ieved that t h i s d i f f e r e n c e may bethe result of natural a t t enuat ion a long the contaminant pathways to F r e n c hCreek, p o s s i b l y ad s orp t i on of metals to sediments.
The observed metal l o a d i n g in F r e n c h Creek may only be a por t i on of the overallmetal l o a d i n g in the v a l l e y downgradi en t f rom the mine site. S i g n i f i c a n t metalt ranspor t is p r o b a b l y occurring by ground-water f l o w through the a l l u v i a l materialand placer dredge p i l e s and transient f l o w within the streambed cobbles andgravels. The geochemical processes r e s p o n s i b l e for natural a t t enuat ion o fme ta l s and the m a g n i t u d e of ground-water f l o w downgradi en t of the mine site arenot well understood at this time.
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9.0 H y d r o g e o l o g i c M o d e l
The role of ground-water and its i n f l u e n c e on the mine pool and French Creekwere demons trated in the characterization studies. Result s f r o m the s tab l ei s o tope , mine pool and ground water level moni t or ing , and mine poolcharacterization s t u d i e s i m p l i e d that ground-water was the m a j o r source ofrecharge water to the W-O mine poo l . The integrat ion of the characterizations t ud i e s with c l i m a t i c data suggested that W-O site and headwaters region s p r i n gsnowmelt was recharging the ground-water system. The s p r i n g rise in theground-water t a b l e sub s equent ly provide s i n f l o w into the mine pool via the f a u l t sand frac tured bedrock. A s i g n i f i c a n t p o r t i o n of t h i s i n f l o w is p r o b a b l y associatedwith the u p g r a d i e n t por t i on s of the mine workings and the Great Northern/J-faultsystem.
The major i ty of mine pool and ground-water tab l e rise in the s p r i n g is driven bysnowmelt associated with the u p g r a d i e n t headwaters region and the moreprotected h i g h e r e l evat ions above the W-O mine workings. The rate of minei n f l o w and o u t f l o w is c on tro l l ed by the h y d r a u l i c p r o p e r t i e s of the f a u l t s andfrac tured bedrock. The mine pool water level rises and mine water storageincreases d u r i n g the s p r i n g f l o w surge because mine i n f l o w exceeds mineo u t f l o w . It takes several months for th i s h i g h f l o w surge to drain out of the mine.S i g n i f i c a n t mine o u t f l o w occurs a f t e r the mine dra inage of the h i g h f l o w surgebecause the ground-water b a s e f l o w is intercepted by the mine workings. Thei so tope data i m p l i e d that direct snowmelt i n f i l t r a t i o n into the mine pool wasm i n i m a l . It is believed that most of the Acid Rock Drainage (ARD) andm o b i l i z a t i o n of metal s in the W-O mine workings are due to f l u c t u a t i n g minewater l eve l s .
Data f r o m the mine pool salt tracer and characterization s t u d i e s , and early 1970'sW-O dewatering act ivi t i e s sugges ted that the ground-water was entering the W-Omine pool in the lower workings, p o s s i b l y below the Oro f i f th drif t l eve l . Ground-water f l o w and f a u l t s eepage c a l c u l a t i o n s f r o m borehole f l o w meter re su l t s ,historic water l eve l s , aqu i f er tests, s u l f a t e mass balance calculat ions , and thestream salt tracer s tudy sugges t ed that mine d i s charge rates d u r i n g s p r i n g h i g hf l o w c o n d i t i o n s are a p p r o x i m a t e l y two to f o u r times the low f l o w rate. M i n e waterdi s charge for normal snow years was estimated to average 600 gpm d u r i n g h i g hf l o w and 145 gpm d u r i n g low f l o w with an average annual f l o w rate ofa p p r o x i m a t e l y 240 gpm. It is believed that s i g n i f i c a n t l y above average snowyears (i.e. 150% to 200%) could d o u b l e these mine d i s charge rates. The mineaccommodates s p r i n g h i g h f l o w surge by r i s ing mine pool l e v e l s , increaseds torage, and increased d i s charge area.
The salt tracer and s tab l e i so tope s tud i e s showed that ground-water d i s charg ewas the major component of French Creek f l o w below the 11-10 fault, evend u r i n g s p r i n g h i g h f l o w condi t ions . T h e s e s tud i e s also showed that the 11-10
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and B u l l h i d e Fault s e epage in the v i c in i ty of the W-O site contained h i g h l ev e l s ofmeta l s and s u l f a t e that or iginated f r om the underground mine poo l . The d e e p11-10 Fault moni t or ing well MW-14 was uncontaminated w h i l e the same f a u l twas d i s charg ing high level s of metals and s u l f a t e as it crossed French Creekd u r i n g the July 1996 salt tracer and synop t i c s tudy. It was also demonstratedthat the water levels for the 11-10 Fault well mimicked the mine pool levels. T h i swould i m p l y that d e e p clean ground-water f rom the 11-10 Fault was rechargingthe lower mine workings. Sub s equen t ly , rising mine pool levels were mob i l i z ingmetal s and m i x i n g with metal l a d e n mine pool waters on its d i s charge pa thwaysf rom the lower workings to mine water discharge areas at the base of a l l u v i u mbetween the 11-10 and B u l l h i d e f a u l t s . The mine d i s charge pathways to thedischarge areas inc lude the fractured bedrock, f a u l t s , and mine stopes andworkings. The borehole f l o w m e t e r work, i s o tope s t ud i e s , and ground-waterq u a l i t y s tudies demonstrated that the majori ty of mine water discharge wasoccurring between the 11-10 and B u l l h i d e F a u l t s . The contaminated seepsdowngradient of the B u l l h i d e Fault and W-O site i l l u s t r a t e the role of a l l u v i a lground-water contaminant f l o w pathways.
The Richard ( 1 9 9 7 ) s tudy modeled metal l o a d i n g f r om the various sources. T h i swork suggested that the W-O underground mine pool was r e spons i b l e for over90% of the metal l o a d i n g . Total metal l o a d i n g f r o m the various sources wass i g n i f i c a n t l y greater than observed l o a d i n g downstream in F r e n c h Creek.A c c o u n t i n g for p o t e n t i a l l o a d i n g associated with ground-water f l o w and transientstorage in the stream gravels and p lacer p i l e s , the total metal l o a d i n g f romvarious sources could be 60% greater than downgrad i en t l o a d i n g that u l t i m a t e l yenters the Blue River drainage . T h i s i m p l i e s that geochemical processes area t t enua t ing contaminants on their pathways to F r e n c h Creek. S u c h processescould i n c l u d e the f o r m a t i o n of Fe and other metal h y d r o x i d e s that p r e c i p i t a t ea l o n g ground-water or sur face f l o w pathways, a d s o r p t i o n of me ta l s to c laymineral s in the a l l u v i u m , p la c er p i l e s , and sur face s ed iment s , and p r e c i p i t a t i o n ofmetal s a l ong the f l o w pathways due to various geochemical and phys i ca lprocesses.
The three po t en t ia l sources of recharge to the W-O mine pool are:
1. local snow melt above the mine workings that v e r t i c a l l y i n f i l t r a t e s into theu p p e r workings;2. a l l u v i a l ground-water and F r e n c h Creek water that recharges the mine poolvia upgrad i en t f a u l t s and bedrock fractures such as the Great Northern Fault;and3. regional deep ground-water f l o w within the Cretaceous and Jura s s i cs ed imentary unit s enhanced by f a u l t s and fractures .
Result s f r o m the characterization s tudie s suggest that the major i ty of recharge tothe W-O mine pool is from lateral and deep regional ground-water.
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10.0 C o n c l u s i o n s
Character izat ion s tud i e s in the v i c in i ty of the W-0 mine site were able evaluateh y d r o l o g i c f l o w pathways , h y d r o l o g i c responses to storm and snow melt events,the h y d r o l o g i c connection between the mine p o o l , ground-water systems, andF r e n c h Creek, metal l o a d i n g contr ibut ions f r o m the various sources, and pre-remed ia t i on environmental base l ine condi t ions . The re su l t s f r om th i s worksuggest that the W e l l i n g t o n - O r o mine pool is the m a j o r source of metalc on tamina t i on to F r e n c h Creek and the Blue River. S p r i n g snowmelt eventsa p p e a r to be d r i v i n g the mine pool water level f l u c t u a t i o n s . The mine pool waterlevel f l u c t u a t i o n s are p r o b a b l y the major mechanism for Acid Rock Drainage(ARD) and the m o b i l i z a t i o n of metals . T h i s work also sugge s t ed that surfaces p o i l p i l e s contribute a s m a l l percentage of the overall metal l o a d i n g to F r e n c hCreek and lo ca l i n f i l t r a t i o n of snowmelt and r u n o f f associated with the s p o i l s arenot a s i g n i f i c a n t metal t ranspor t mechanism.
The f a u l t s in the area have been i d e n t i f i e d as major c ondu i t s for water into andout of the mine. M i n e workings, e s p e c i a l l y s t ope s , are also p r o b a b l y majorpathways for metal contaminated mine water transport out of and w i th in theworkings. M i n e water d i s charge into the a l l u v i u m and French Creek seems to bel i m i t e d to the 11-10 and B u l l h i d e f a u l t s and the ir associated f a u l t b l o ck in thev i c in i ty of the #3 M i n e s h a f t . T h i s mine d i s charge area is located in the v i c i n i t y ofthe western downgradient end of the W-O mine workings.
The mine poo l characterization and tracer result s i m p l i e d that s i g n i f i c a n t minef l o w may be b y p a s s i n g the Oro m i n e s h a f t . The s t a b l e i s o t op e s t ud i e s sugge s t edthat p e r c o la t i on of local snowmelt into the u p p e r p o r t i o n s of the mine pool is notthe major source of recharge water. F r e n c h Creek headwaters and h ighe l evat ion site snowmelt i n f i l t r a t i o n into the major f a u l t systems and the f rac turedbedrock recharges the ground-water system r e s u l t i n g in a r i s ing ground-watertab l e . T h i s r i s ing ground-water tab l e sub s equent ly recharges the W-O mine p o o l .C o n s e q u e n t l y , regional ground-water f l o w in the Cretaceous and J u r a s s i cs ed imentary unit s a p p e a r to be the major pathway and source of i n f l o w to themine p o o l . An extensive frac ture and f a u l t network enhances t h i s i n f l o w .M i n i m a l mine recharge water originates f rom F r e n c h Creek and the a l l u v i u mground-water u p g r a d i e n t f r o m the W-O site.
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